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Genetic markers use short DNA sequences in order to investigate and label a 
particular locus in the genome of a given individual. Whenever this particular locus 
shows sequence differences between two individuals, this region can be used as 
molecular marker. The development of a variety of DNA-based markers in the past 
twenty years has revolutionized biological, forestry and agricultural science. Molecular 
markers have demonstrated their usefulness for plant genotyping and population genetic 
analysis. Genome characterization by DNA-fingerprinting has generated valuable 
information on population structure and molecular genetic diversity. Depending on the 
compartmental origin of the genomic information (organelle, nucleus), molecular 
markers can be used for answering different questions. While organellar markers could 
serve for postglacial migration studies, nuclear markers can be used for studying 
biodiversity and paternity analysis on the level of the single individual.  
With the work presented here, we contributed to the marker development in different 
areas of plant genomics, and proved the applicability of the different marker types 
targeting the three different genomes (nuclear, mitochondrial, chloroplast) available in 
plants.  
In order to investigate the genetic variation present in Alpine Rhododendron 
populations, nuclear SSRs were developed for Rhododendron ferrugineum and 
Rhododendron hirsutum by generating genomic libraries enriched for dinucleotide 
repeats. These newly generated markers subsequently were used to investigate relict 
populations of the alpine rose in Italy and Austria. The same method was applied to 
isolate SSR regions for the identification of Paeonia suffruticosa varieties available in a 
germ plasm collection in Schönbrunn. In the latter case, also an in silico approach was 
used in order to identify SSRs present in publicly available ESTs (sequence information 
on Expressed Sequence Tags). By this approach, 5 additional SSR markers for Paeonia 
suffruticosa as well as 24 EST-SSRs for Picea abies could be generated in relatively 
short time. These EST-SSRs have added value as they are part of expressed 
sequences and thus can be used for measuring the functional diversity in Norway 
spruce as well as Paeonia.  
For Quercus robur L. and Quercus petrea L. SSRs as well as VNTRs were isolated 
by a standard wet lab approaches and used for diversity measurements in Austrian 
populations of oak. In addition, these markers, together with RAPDs, RFLPs and SCARs 
were mapped on a genetic map of a French controlled oak cross. Due to their 
hypervariable nature and sensitivity to mutations, nuclear microsatellites for oak were 
used to test for somaclonal variation occurring in tissue cultue material over time. With 
this approach we could prove the usefulness of the SSRs for testing the genome 
stability under stress.  
Maternally inherited markers were developed for Populus nigra L. and Picea abies. 
In order to assess the genetic diversity in Populus nigra L. sampled throughout Europe, 
a chloroplast DNA based marker system was developed and applied. For Norway 
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spruce on the other hand, the maternally inherited mitochondrial genome was targeted 
for marker development. Using these new mt markers for Norway spruce it could be 
shown that there is moderate genetic variation in Austrian Norway spruce strands, not 
detected before.  
The newly developed nuclear as well as organellar markers are valuable tools for the 
assessment of genetic diversity in natural populations as well as plant selection 
programs. Using this DNA based molecular information it is possible to analyze the 
genetic structure of populations, to estimate gene flow between populations and, as in 
the case of poplar, to identify naturally occurring clonal material. With these new 
markers, specific population genetic as well as phylogeographical questions can be 






Als Molekulare Marker werden kurze DNA Abschnitte herangezogen, die man für die 
Untersuchung und Markierung einer bestimmten Stelle im Genom eines Individuums 
verwendet. Immer wenn in dieser Region zwischen zwei Individuen Unterschiede 
auftreten, dann kann die Region als molekularer Marker verwendet werden. In den 
letzten zwanzig Jahren hat die Entwicklung solcher genetischen Marker die biologische 
Forschung in Botanik, Forst- und Landwirtschaft revolutioniert. Molekulare Marker 
fanden Anwendung in Populationsgenetik und Genotypisierung, in Züchtung und 
Taxonomie. Die Untersuchung van Individuen mittels genetischem Fingerprint ergab 
wertvolle einblicke in Populationsstrukturen und die bestehende genetische Vielfalt. Je 
nachdem, welches Genom man untersucht (Organellen, Nucleus), haben die 
angewandten molekularen Marker unterschiedliche Aussagekraft und es können 
verschiedene Fragestellungen bearbeitet werden. Während mit Organellenmarkern 
beispielsweise postglaziale Wanderungsrouten von Spezies rekonstruiert werden 
können, dienen Kern-Marker unter anderem zur Untersuchung von 
Verwandschaftsverhältnissen bei Einzelindividuen.  
Die gegenständliche Arbeit trägt mit ihren Entwicklungen zur Identifizierung neuer 
Marker aus den drei verschiedenen in Pflanzen vertretenen Genomen bei, wodurch 
verschiedene Pflanzengenetische Fragestellungen behandelt werden können. 
Um die genetische Vielfalt im, in den Alpen vorkommenden, Almrausch 
(Rhododendron ferrugineum und Rhododendron hirsutum) untersuchen zu können, 
wurden Microsatellitenregionen mittels aus dem Kerngenom mittels, für Dinukleotide 
angereicherte Genbanken isoliert. Die so neu identifizierten Kern-Marker wurden in 
weiterer Folge für populationsgenetische Untersuchungen in Österreichischen und 
Italienischen Reliktbeständen der Alpenrose verwendet. Die gleiche 
Anreicherungsmethode wurde angewendet, um SSR Regionen für die Unterscheidung 
von Paeonia suffruticosa Sorten einer Sammlung in Schönbrunn zu entwickeln. Da die 
Anreicherungsmethode nicht die gewünschten Ergebnisse brachte, wurde für Paeonia 
die Datenbankanalyse von ESTs zur Anwendung gebracht, bei der bereits publizierte 
Gensequenzen für die Identifikation von SSRs in exprimierten Genen herangezogen 
werden. Dadurch konnten weitere SSRs identifiziert werden, mit denen eine 
Unterscheidung der Paeonia Individuen möglich war. Mit der gleichen Methode wurden 
auch 24 EST-SSRs für Picea abies charakterisiert, die durch den Umstand, dass sie in 
exprimierten Genen liegen, auch zusätzliche Information über funktionelle Variation in 
den untersuchen Probensets geben können. 
Für Quercus robur L. und Quercus petrea L. wurden mittels standard 
Labormethoden sowohl SSRs als auch VNTRs isoliert welche für die Untersuchung der 
genetischen Vielfalt Österreichischer Eichen als auch, gemeinsam mit anderen 
molekularen Markern, für die Herstellung einer genetischen Karte einer Französischen 
Eichenkreuzung verwendet wurden. Microsatelliten sind hypervariable DNA Regionen 
im Genom, die leicht mutieren. Durch die Untersuchung von Pflanzenmaterial, das 
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mittels Gewebekultur vermehrt wurde, konnte gezeigt werden, dass sich Microsatelliten 
sehr gut für die Detetktion von somaklonaler Variation, hervorgerufen durch Stress, 
eignen.  
Maternal vererbte Markersysteme wurden sowohl für Pappel (Populus nigra L) als 
auch für Fichte (Picea abies) entwickelt. Um die bestehende genetische Vielfalt in 
Europäischen Schwarzpappelherkünften zu untersuchen, wurde ein 
Chloroplastenbasiertes Markersystem entwickelt, das dazu diente, das postglaziale 
Wanderungsverhalten der Pappel zu untersuchen. Bei der Fichte untersucht das neu 
entwickelte maternale Markersystem Unterschiede in der mitochondrialen DNA der zu 
untersuchenden Proben. Mit dem neuen Markersystem konnte für Fichte moderate 
genetische Variation in 37 österreichischen Herkünften identifiziert werden. 
Die neu entwickelten nukleären sowie Organellen-Marker stellen wertvolle 
Werkzeuge zur Untersuchung der genetischen Vielfalt in natürlichen Populationen sowie 
für Zucht- und Auswahlprogramme dar. Durch die Verwendung von DNA basierten 
molekularen Daten kann die genetische Struktur von Populationen und auch der 
Genfluss zwischen Populationen gemessen werden. Die Marker dienen auch, so wie im 
Fall der Pappel, dazu, natürlich auftretendes klonales Material zu identifizieren. Mit den 
neuen Markern ist es möglich, spezifische populationsgenetische als auch 
phylogeographische Fragestellungen zu beantworten, und, so wie bei Rhododendron, 
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1 Introduction 
1.1 Molecular markers – what is it? 
 
Differences at the DNA level between individuals are, to a large extent, the basis 
and cause for the phenotypic differences between them. In order to understand and 
use phenotypic alterations i.e. diseases, resistance, quantitative traits, researchers 
want to understand the underlying genetic cause and the alteration on the genomic 
level. The differences in the genome are known as genetic variations and are caused 
by various types of alterations at various levels, such as nucleotide substitutions, 
insertion/deletion of nucleotides, differences in the copy number of repetitive 
elements or even of genomic segments up to parts of whole chromosomes and the 
combinations of these changes. A subset of these genetic variations is accepted as 
genetic polymorphisms when they are observed at a frequency of 0,1% in a certain 
population (Nakamura 2009). 
In order to detect genetic variations between two genomes, various techniques 
have been established throughout the years starting in 1980 with Botstein (Botstein et 
al., 1980) using RFLPs for genetic mapping in humans. In general, when variations 
on DNA level are detected and described, they are termed ‘molecular markers’. 
Therefore a molecular marker is defined as a rather short DNA fragment of up to 
several hundred or thousand base pairs. This specific region of the genome, called 
locus, shows variation between two or more investigated individuals and provides 
landmarks in the genome. Variation could be detected as presence or absence of a 
particular fragment or sequence, as length variation between two fragments or as 
sequence difference as small as one base pair. The detected variation arises from an 
alteration in the investigated genomic locus. It could be associated with a known 
location on a chromosome and linked to a particular gene or trait, or that marker 
region is still of unknown function and location in the genome. Detection of the 
variants of a locus of interest can be performed using various molecular techniques 
depending on the resolution power needed to detect the variation.  
There are two major classes of molecular markers available, depending on the a 
priori knowledge available for the application of the respective marker system. In a 
situation where genomic sequences describing a marker are available, we speak 
about a sequence specific marker, in contrast to anonymous markers. Anonymous 
markers are applied in situations where no knowledge on the genomic composition is 
available at the time of use. They rely on fact that a genome can be treated in bulk by 
either restriction/ligation/selection techniques or PCR based filtration/amplification 
techniques to generate individual-specific fingerprints. Differences in these 
fingerprints are then used for downstream applications. 
Due to their structural state, sequence specific molecular markers to detect 
genetic variations can be classified into major categories: RFLP (restriction fragment 
length polymorphism), VNTR (variable number of tandem repeat) and STR (short 
tandem repeat or microsatellite), SNP (single-nucleotide polymorphism) as well as 
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CNV (copy-number variation). All these markers are available in the nuclear as well 
as the organellar genome of an individual. Therefore these markers can help 
answering different questions related to population genetics or trait related questions. 
1.2 Properties of the DNA used for marker generation 
Genomic DNA in general can be subdivided in to categories – repetitive DNA and 
single copy regions, and both of them exist in the nuclear as well as the organellar 
genomes. For a long time, the repetitive part of the genome was the major target for 
the development and application of molecular markers. Another possibility to 
generate molecular marker information based on intrinsic properties of the DNA is the 
use of expressed regions of the genome. This allows filtering of the vast genomic 
information to just focus on the functional part represented in the mRNA (i.e. 
expressed parts). This approach is limited by the fact that gene expression is tissue 
specific as well as it is influenced by environmental factors. In recent years, yet 
another feature of the DNA has been exploited for marker development – the 
epigenetic information being added to the basic DNA sequence information. Such 
variation involves information encoded in biochemical marks on the DNA or 
chromatin like differential histone modification states, histone distribution, and DNA 
methylation. Much of the work on stable transmissible epigenetic variation has 
exploited experimental models, such as mice, maize, and Arabidopsis, and most of 
these studies have examined either phenotypically silent epigenetic variation or 
epigenetic variation causing dramatic developmental phenotypes (Richards 2009). 
However, also in the disciplines of evolutionary biology, ecology, and breeding 
epigenetics mutations are gaining interest as primarily complex polygenic traits and 
phenotypic variation in natural contexts are affected by epigenetic changes (Bossdorf 
et al., 2008; Richards 2008).  
 
Repetitive DNA.  
The discovery that up to 90% of the genome of virtually all the species is 
constituted by regions of repetitive DNA, which are highly polymorphic in nature, was 
a big step forward in genetic identification (Charlesworth et al., 1994). Repetitive DNA 
regions play an important role in absorbing mutations in the genome. Thus repetitive 
DNA and mutational forces together form the basis of a number of marker systems 
that are useful for various applications in plant genome analysis. Markers belonging 
to this class can either be hybridization-based or PCR-based. Repetitive DNA as 
compared to single copy number DNA (scnDNA) regions show a much higher 
mutation rate. VNTRs for example mutate 100–1000 times than of scnDNA (Nishant 
et al., 2009).  
These repetitive DNA regions can be used as loci for genetic marker development 
comprising several hundred alleles, differing from each other with respect to length, 
sequence or both. They are interspersed in tandem arrays ubiquitously throughout 
the genome. Repetitive DNA can be found in clusters such as telomers and 
centromers as well as interspersed between single copy regions throughout the 
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genomes, in the heterochromatin. The heterochromatin plays an important role in the 
establishment and maintenance of the centromeric, telomeric and subtelomeric 
regions, which are essential for proper chromosome segregation. If the 
heterochromatin contains functional genes, their gene expression state negatively 
influenced (Dimitri et al., 2005). 
It is generally accepted that repeated sequences follow an evolutionary pattern 
known as ‘concerted evolution’ (Moyzis et al., 1988; Palomeque & Lorite 2008). The 
spreading of the new variants of repeats leads to variant homogenization and takes 
place by means of a variety of mechanisms, such as nonreciprocal DNA transfer 
within and between chromosomes (i.e. gene conversion, unequal crossing over, 
slippage replication, transposition, RNA-mediated exchange). The consequence of 
the ‘concerted evolution’ is that sequences are homogenized within a repeat family 
followed by their subsequent fixation in the sexual population. 
The physical ends of chromosomes are protected and stabilised by telomeres. 
Telomeres are nucleoprotein structures, located at the ends of chromosomes and are 
subject to shortening at each cycle of cell division. They prevent chromosomal ends 
from being recognized as double strand breaks and protect them from end to end 
fusion and degradation. Telomeres consist of stretches of repetitive DNA with a high 
GC content (Moyzis et al., 1988; Pich et al., 1996). The sequence of telomeric DNA 
normally consists of a simple repeat unit that is conserved in many organisms. Most 
plants examined up to now seem to possess Arabidopsis-type telomeres consisting 
of many repeat copies of the sequence 5′-TTTAGGG-3′ (Adams et al., 2000). 
Repetitive DNA is also ubiquitous and abundant in centromeric regions of higher 
eukaryotes. In all flowering plants investigated so far, different centromeres are 
generally composed of the same types of DNA component, mainly large arrays of 
centromeric satellite repeats and centromeric retrotransposons (Ma et al., 2007). In 
general, these satellite repeats are specific to centromeric regions, with few copies 
and only short arrays found elsewhere in the genome. 
Yet another repeat category is the Satellite DNA (satDNA) which is the major 
DNA component of heterochromatin. It is located mainly in the pericentromeric and/or 
telomeric regions of chromosomes (Charlesworth et al., 1994). It is generally formed 
by long tandem arrays in which the repeat units are arranged in direct repeats. This 
molecular organization gives rise to a characteristic multiband-ladder-pattern after 
agarose gel electrophoresis of genomic DNA digested with the appropriate restriction 
endonucleases. These different patterns are caused by copy number differences of 
satellite repeats which could change over time by unequal crossing-over events, 
although other processes, such as rolling-circle replication or conversion-like 
mechanisms could also be involved [reviewed by (Charlesworth et al., 1994)]. 
While many repetitive sequence families have no clear known function and are 
often species-specific, a few have well-defined functions and are found universally. 
The ribosomal rRNA genes for 5S, 5.8S, 18S and 25S rRNA are present in long 
arrays of tandemly repeated gene units including their intergenic transcribed spacers 
(ITS). Because of their high repetition, they provide useful markers to identify 
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chromosomes by in situ hybridization (Leitch & Heslop-Harrison 1993) and can be 
used to combine genetic and chromosomal maps (Schondelmaier et al., 1997). The 
number and locations of sites may vary between species and therefore can be used 
to investigate chromosomal homologies and genome evolution (Boonruangrod et al., 
2009). Another repeat class with assigned function are the transposable elements. 
They are ubiquitous in the plant kingdom and share many common features with 
mobile elements from other eukaryotes - on the structural as well as mechanistic 
level. Transposition of these elements can influence plant genes and genomes in 
many ways. One of the earliest observations in this respect was made by McClintock 
(McClintock 1950), when she discovered transposable elements and found that, in 
addition to their movement, these elements had the ability to cause cytologically 
detectable chromosome rearrangement. 
It was also shown that transposable element derived sequences can contribute 
up to 80% of plant genomes thus being very significant factors in plant evolution. A 
large number of transposable repeat elements have been studied in plants; however, 
only a restricted number has been exploited as molecular markers (Kumar & 
Bennetzen 1999; Ruas et al., 2008). In evolutionary terms, they have contributed to 
genetic differences between species and individuals by promoting unequal crossing 
over. By their capability of moving around in genome, transposable elements mediate 
different types of genome alterations, inducing mutations, chromosomal 
rearrangements and gene expression regulations (Agarwal et al., 2008c). 
Retrotransposon-mediated fingerprinting has been shown to be an efficient 
fingerprinting method for detection of genetic differences between different species. 
The two most important techniques to be mentioned here are SSAP (Sequence 
Specific Amplification Polymorphism) (Berenyi et al., 2002; Forneck et al., 2009; 
Waugh et al., 1997a) and IRAP (Inter Repeat Amplification Polymorphism (Heslop-
Harrison & Schwarzacher 2007) both targeting retrotransposon insertion sites in the 
genome. 
Within the transposable elements, different categories are being distinguished, 
retrotransposons and DNA transposable elements. Retrotransposons comprise class-
I and class-II transposons, the former mobilized via an RNA intermediate and the 
classII via a DNA cut-and-paste mechanism. In the retrotransposon category, SINEs, 
LINEs and LTR retrotransposon families are being distinguished. The term LTR 
means long terminal repeat and reflects the structural fact that these elements have 
identical boarder sequences of inverted orientation which are generated when the 
element is integrated into the genome (Kumar & Bennetzen 1999). These 
transposons that move via DNA intermediates and thus are called Type II elements. 
The TY1 copia (Heslop-Harrison et al., 1997) as well as the Gipsy elements form the 
largest group with the retrotransopsons. They can be used as basis for marker 
development (see SSAP) as well as for chromosome painting to identify phylogenetic 
differences between closely related species (Ruas et al., 2008). 
A prominent representative of the SINE repeat class is the Alu-repeat family. Alu 
repeats are a class of randomly repeated interspersed DNA elements, revealing 
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considerable levels of polymorphism when used as hybridization probes on Alu I 
digested human genomic DNA. They are representatives of short interspersed 
nuclear elements known as SINES. Alu elements are approximately 300 bp in size 
have been studied largely in humans for the enrichment of genetic maps (Roy et al., 
1999), as fingerprinting probes (Stallings et al., 1990) and to detect chromosomal 
rearrangements (Sirivatanauksorn et al., 2002) while their presence in plants remains 
largely unexplored. 
 
1.3 Types of Molecular Markers 
 
Nucleic acid based molecular markers offer numerous advantages over 
conventional phenotype based measurements which have been established by 
Gregor Mendel in the nineteenth century, and used since then for gemplasm 
evaluation and breeding. DNA based markers are stable and detectable in all tissues 
regardless of growth, differentiation, development, or defence status of the plant cell 
and are not influenced by the environment. An ideal molecular marker should exhibit 
a variety of criteria: (i) be polymorphic and evenly distributed throughout the genome, 
(ii) generate multiple, independent, easy scoreable and reliable signals (iii) its 
application should be simple, quick and inexpensive (iv) need small amounts of tissue 
and DNA samples; (v) suitable for high throughput applications (vi) be linked to 
distinct phenotypes or traits. Out of the variety of different molecular markers 
available to date, there is no perfect marker as such - techniques differ from each 
other with respect to features such as genomic abundance, level of polymorphism 
detected, locus specificity, reproducibility, technical requirements and cost. 
In general, two classes of marker tapes can be distinguished: (1) Non PCR based 
techniques and (2) PCR based techniques. Another way to categorize markers is 
their mode of inheritance, which is depending on the genome they are located in – in 
case of markers located on the organellar genome (i.e. chloroplast (cp) or 
mitochondria (mt)) they show a uniparental way of inheritance. In contrast, markers 
detected in the nuclear genome show Mendelian inheritance, meaning that 50% of 
the loci are contributed by each parent respectively. The third way of classification is 
the potential of molecular markers to discriminate locus specific alleles independently 
thus allowing to identify the parental contribution. Marker types, which allow this 
allelic discrimination, are called ‘codominant’ markers. Markers, where the presence 
or absence of a signal or detected fragment can not directly be correlated with the 
presence or absence of a specific allelic variant, and their origin is due to ‘unknown’ 
changes in the investigated genome, are termed ‘dominant’ markers.  
Table 1 shows an overview on the marker types available. Depending on the 
scientific question as well as the availability of DNA sequences for the respective 









Marker name type technique 
AFLP  Amplified fragment length polymorphism d PCR based 
CAPS  Cleaved amplified polymorphic sequence co PCR+RFLP 
cDNA 
display 
AFLP like technique using mRNA/cDNA as 
template 
d PCR based 
CNV Copy number variation co Hybridization 
DAF  DNA amplification fingerprinting d PCR based 
DART Diversity array technology co Hybridization 
IMP  Inter-MITE polymorphism (MITES Miniature 
inverted repeat transposable elements) 
d PCR based 
IRAP  Inter-retrotransposon amplified polymorphism d PCR based 
ISSR Inter SSR amplification d PCR based 
ITS Internal transcribed spacer of rDNA co PCR based 
HRM High resolution melting co PCR based + 
Hybridization 
RAMP  Randomly amplified microsatellite 
polymorphisms 
d PCR based 
RAPD  Random amplified polymorphic DNA d PCR based 
REMAP  Retransposon-microsatellite amplified 
polymorphism 
d PCR based 
RFLP  Restriction fragment length polymorphism co Hybridization, 
PCR-RFLP 
SCAR  Sequence characterized amplified region co PCR based 
SNP  Single nucleotide polymorphism co PCR based 
(RT-
PCR/resequenc
ing, SNP array, 
Hybridization) 
eSNP SNPs detected in silico using resequencing 
data generated by next generation sequencing 
technologies (454, Solexa) 
co Sequencing 
SRAP  Sequence-related amplified polymorphism d PCR based 
S-SAP  Sequence-specific amplification polymorphism d PCR based 
SSCP  Single strand conformation polymorphism co PCR based 
SSR  Simple sequence repeats co PCR based 
TD  Transposable display d PCR based 
TRAP  Target region amplification polymorphism d PCR based 
 
Table 1 available marker types and their abbreviations, as well as type [d: dominant; co: 
codominant] and technical information for generating the marker profile.  
 
1.3.1 Non-PCR-based techniques 
There are various techniques available to detect the marker types described 
above. When using hybridization assays to detect variations in the genome, the 
traditional way was membrane based Southern (E.Southern 1975) hybridization. To 
analyze whole genomes, total genomic DNA is extracted in large quantities, subject 
to restriction endonuclease digest, and subsequent gel blotting to transfer the size 
separated fragments onto a nylon membrane. The membrane bound DNA can then 
be probed with a radioactively labelled DNA fragment, which will detect all available 
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genomic copies representing the same sequence as the probe. When using RNA 
instead of DNA, the same procedure is termed Northern blot (Alwine et al., 1977), 
which is being used to detect transcribed copies of genes using a target molecule 
representing that specific gene.  
 
Restriction Fragment Length Polymorphism (RFLP)  
RFLP is the oldest, hybridization based, molecular marker type established in the 
pre-PCR era. In RFLP analysis, DNA polymorphism is detected by hybridizing a 
chemically/radioactively labelled DNA probe specific for a certain locus to total 
genomic DNA (gDNA) which was digested by restriction endonucleases and 
subsequently separated on a gel to produce a Southern blot. This fragmented, size 
separated DNA is hybridized with the labelled DNA fragment resulting in differential 
DNA fragment profile. The restriction fragment length polymorphism (RFLP) derives 
from three types of mutations: (I) the presence or absence of a specific restriction 
enzyme recognition site in the flanking regions of the targeted locus; (ii) DNA 
rearrangements like insertions/deletions in the flanking sequence of the respective 
DNA fragment and the special case (iii) where the target region contains a repetitive 
element, which exhibits variability repeat number at this locus. A special situation are 
minisatellites or VNTRs (variable number of tandem repeats) which are detected by 
hybridization of multi-locus probes on Southern blots of restriction-enzyme-digested 
genomic DNA. A common ‘core’ repeat sequence shared between different 
minisatellite loci allows the detection of many different minisatellites loci 
simultaneously, producing a multiband, barcode-like, pattern known as ‘DNA 
fingerprints’ (Tamaki & Jeffreys 2005). 
The RFLP markers show a relatively high degree of polymorphism, depending on 
the locus specific probe used in the RFLP assay. They are co-dominantly inherited 
and highly reproducible. Their presence throughout the plant genome, the availability 
of RFLP type markers in the nuclear as well as the organellar genome made this 
marker type reliable and widely used marker system in plant genomics for breeding 
(Tanksley et al., 1992) as well as population genetic analysis (Barreneche et al., 
1998b; Garcia-Mas et al., 2000). The method allows to simultaneously screen several 
tens of samples to detect related genomic regions in parallel. A special application of 
the RFLP technique is the genomic fingerprinting (Jeffreys et al., 1985) where 
repetitive elements which are widely spread throughout the genome, and are 
available in several hundred copies, are used as hybridization probes. 
Due to the fact, that the technique needs relatively high amounts of very pure 
DNA, it is not widely used anymore. In addition, it is time consuming, expensive and 
involves radioactive/toxic reagents which nowadays is hindering its application due to 
the requirement of special lab facilities and equipment. The requirement of prior 
sequence information for probe generation increases the complexity of the 
methodology. The sequential nature of gel-based marker systems inherently has low 
throughput and high costs of analysis. These limitations led to the conceptualization 
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of a new set of less technically complex methods, the PCR-based techniques (see 
1.3.2) as well as highly parallel hybridization assays (i.e. microarrays). 
 
Microarray applications 
In recent years, Southern and Northern blot analysis has largely been competed 
out by the technology of microarrays or DNA chips. Microarrays are miniaturized 
hybridization setups on activated surfaces, only a few square centimetres in size, 
allowing highly parallel hybridization experiments. The surface of a typical microarray 
can hold up to 600.000 individual DNA fragments of various length (20bp – <2000bp) 
representing either genes or genomic regions. Microarrays holding gene information 
can be used for expression profiling which help to detect genes differentially 
expressed in healthy versus affected tissue (Barakat et al., 2009; Rinaldi et al., 2007), 
between tissues of different developmental stages (Fluch et al., 2008) or between two 
individuals showing different susceptibility to stress (Darrigues et al., 2008; Deluc et 
al., 2009; Pestsova et al., 2008; Qin et al., 2008; Zombori et al., 2008). In the area of 
marker related microarray applications, two recently developed methodologies should 
be mentioned: i) DArT (Diverstiy Array Technology) and ii) whole genome 
resequencing arrays.  
In the plant kingdom where the availability of whole genome sequences is scarce, the 
DArT® Technology (http://www.diversityarrays.com) is a good alternative. Especially 
with large genomes like Norway spruce with 1,8x1010bp or pine with 2,7x1010bp as 
compared to A. thaliana with only 1.6x108bp or in the case of high ploidy levels 
(hexaploid wheat: 1,6x1010bp) the genome filtration which is included in the DArT® 
technology reduces the genome complexity to a level where marker analysis is 
getting feasible. DArT® filters a DNA sample to obtain just a 'representation' of that 
sample. The method of complexity-reduction relies on a combination of restriction 
enzyme digestion and adapter ligation, followed by PCR amplification (Wenzl et al., 
2004). DArT operates on the principle that the genomic 'representation' contains two 
types of fragments: i) Constant fragments, found in any 'representation' prepared 
from a DNA sample from an individual belonging to a given sample set, and ii) 
polymorphic fragments to be used as molecular markers, only found in some but not 
all of the individual 'representations' in that sample set. The variable fragments are 
informative because they reflect sequence variation present in the different 
individuals analyzed. These variable fragments are called the DArT® markers. Their 
presence vs. absence in a genomic 'representation' is assayed by hybridizing the 
'representation' to a DArT® array consisting of a library of the species to be 
investigated. The polymorphisms scored are presence versus absence of 
hybridisation to individual array elements. They reflect DNA sequence variation that 
determines which genomic sequences are present in the genomic representations. In 
principle, the markers could be located anywhere in the genome, but preferably 
should provide broad coverage. DArT® maps for barley (Wenzl et al., 2004) and 
wheat (Akbari et al., 2006) confirm that this is the case.  
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Whenever the whole genome sequence of a species is available, microarrays can 
be designed and produced that represent the whole genome in very small 
subsections, called oligonucleotides or oligos (25 mers to 60 mers) that represent the 
genome in a specific way. Methods for whole-genome polymorphism discovery has 
been a focus in the life sciences (Shendure et al., 2004). The generation of high-
density oligonucleotide microarrays suitable for whole-genome variation detection 
have been developed (Hinds et al., 2005; Patil et al., 2001) and are called ‘tiling 
arrays’ or ‘whole genome resequencing arrays’ (Zeller et al., 2008). This type of 
arrays is currently only available for 3 model systems: Arabidopsis thaliana, 
Drosophila melanogaster and Homo sapiens. They contain oligos representing a 1bp 
tiling path (i.e. oligos that overlap by just 1bp difference) to query bases relative to a 
known reference sequence. Using these special arrays, the whole genome can be 
scanned systematically for the presence of larger insertions or deletions on the 
chromosomes, or for larger duplications of genomic areas of interest. The latter assay 
is called CNV (copy number variation). Copy-number variation is therefore defined as 
a form of genomic structural variation and refers to differences in the number of 
copies of a particular genomic region (Albert et al., 2007; Bansal et al., 2007). CNVs 
are considered to influence the quantity of the gene products because of the different 
copy number of certain genes available, or if a functional unit (including the regulatory 
region) of a particular gene is duplicated or multiplied (Zhang et al., 2008). The 
involvement of copy-number alterations in human phenotypes was first reported as 
‘genomic disorders’, which are often caused by de novo structural alterations (Inoue 
& Lupski 2002) and so far dozens of human genomic disorders have been reported 
(Lupski 2007).  
 
Sequencing - Single Nucleotide Polymorphisms (SNP) 
Sequencing - determining the order of the nucleotide bases in a molecule of DNA, 
was time consuming and expensive. Since 1975, when Sanger (Sanger et al., 1992; 
Sanger & Coulson 1975) invented the chain-termination method, there were 
continuous improvements to the technique in order to achieve larger sample 
throughputs. During the human genome project, the biggest technical step has been 
made by the development of automated sequencers, allowing to automatically 
processing 384 samples at a time. Until then, sequencing mostly has been applied for 
de novo sequence generation, whereas resequencing efforts (i.e. looking for 
sequence differences on the genomic level) were limited to a few percent of the 
applications only.  
With the Pyrosequencing technology (Ronaghi et al., 1996), which introduced a 
new detection methodology including online detection, the door was opened for a 
new generation of highly parallel sequencing technologies that followed. Highly 
parallel sequence read outs are currently changing biological research (Hall 2007). 
These technologies, called ‘Next Generation Sequencing’ (NGS) have different 
applications such as resequencing of known genes or whole genomes and de novo 
sequence generation of unknown genomes. The three most wildely used 
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technologies are 454 sequencing (Roche) where 400.000 fragments of up to 450 bp 
can be generated in parallel (Margulies et al., 2005), SOLiD (Applied Biosystems), 
using sequencing by ligation and generating 20 gigabases per single run in approx. 
400 Mio 50 bp fragments. Solexa, the third technology produces 100 bp reads for a 
total of over 20 Gb of paired-end data per run in approx. 1Mio reads. These NGS 
technologies are being widely used for transcriptome analysis, gene regulation 
analysis as well as resequencing of whole genomes for CNV analysis, the detection 
of somatic mutations or genome rearrangements and for SNP detection (Ellegren 
2008b). 
Single Nucleotide Polymorphism (SNP) is a DNA sequence variation occurring 
when a single nucleotide in the genome differs between members of a species or 
between homolog chromosomes in an individual. SNPs may be caused by changed 
(substitution), removed (deletions) or added (insertion) single bases in a given DNA 
sequence. Single-nucleotide polymorphisms may fall within coding or non-coding 
regions of genes, or in the intergenic regions between genes. SNPs are used as 
molecular markers that might have multiple effects: When occurring in coding regions 
they can lead to functional changes in the protein structure encoded in this gene. 
SNPs in non-protein-coding regions may still have consequences for gene splicing or 
transcription factor binding. The abundance of SNPs in genes ranges from 1 mutation 
in 30 bp –1000 bp, depending on the species and gene investigated (Ching et al., 
2002; Ramos et al., 2009). In the human genome, SNPs are the most frequent type 
of variation. There are around 10 million SNPs that have been identified in the human 
genome (Sherry et al., 2001). SNPs are usually biallelic and thus easily assayed. 
Following the association hypothesis, SNPs are considered a useful tool for 
population genetics. Particularily for the identification of genes or gene variants, that 
confer susceptibility to diseases (Nakamura 2009). Currently one of the key 
applications of next-generation sequencing is studying genetic variation between 
individuals using whole-genome or target region resequencing for SNP detection. 
Once SNPs in the genome of a species are identified, large scale SNP 
genotyping tools are available to screen several thousand SNPs in parallel on one 
array. SNP arrays are setups which allow the detection of polymorphisms within a 
sample set in a highly parallel manner using either DNA hybridization and 
fluorescence microscopy, or more sophisticated detection methods like primer 
extension (Gunderson et al., 2006), or an oligonucleotide ligase assay. The most 
advanced method currently is the Illumina bead array assay using primer extension 
for the analysis of over 100.000 SNPs in parallel (Li et al., 2009). Another high 
throughput method is the PCR based Taqman assay (McGuigan & Ralston 2002).  
SNP genotyping can also be performed using ‘dynamic allele-specific 
hybridization’ (DASH) or High resolution melting analysis (HMR) which exploits the 
fact that mismatched base pairs generate differences in the melting temperature of 
DNA (Vaughn & Elenitoba-Johnson 2004). Here the fact is used that SNPs usually 
cause a shift in the melting temperature of several degrees when being present in 
heteroduplex configuration. The differences in the melting temperature can be 
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monitored when using intercalating dyes which are being released from the 
dissociating double strand thus leading to the ceasing of a detectable light signal 
(Wittwer et al., 2003). 
As SNPs are highly conserved throughout evolution and within a population, 
SNPs serve as an excellent genotypic marker. SNP arrays are useful tools to study 
the whole genome. As each individual has different single nucleotide polymorphisms 
that together create its unique DNA sequence, SNP-based genetic linkage analysis 
can be used to map loci for traits of interest, and hence determine susceptibility 
genes for an individual. A SNP array can also be used to determine the copy number 
of each SNP on the array which even can be used then align the SNPs in 
chromosomal order (John et al., 2004). 
1.3.2 PCR-based techniques 
With the advent of the Polymerase chain reaction (PCR) invented in 1983 by K. 
Mullis (Mullis & Faloona 1987; Saiki et al., 1985) a large number of applications for 
molecular markers based on PCR were developed, turning this technology to the 
basic principle of today’s molecular genetics toolbox. PCR promoted the development 
of a range of molecular assays which allow the detection of polymorphisms at the 
DNA level as a versatile and cheap alternative to hybridization based techniques.  
Other than previous techniques, the PCR reaction allows to conduct a single 
assay with very little DNA (10ng) of rather crude quality, and these assays can easily 
be conducted in parallel (up to 384 or 1536 reactions/assay). In combination with 
other techniques like restriction digest and ligation, the direct substitution of RFLPs 
was possible. PCR usually is applied using known sequences (primers) for the 
specific amplification of regions of interest. These specific primers allow the use of 
total genomic DNA extracts to target either the nuclear or organellar genomes for 
analysis. Even when no ‘a priori’ sequence information is available for a species of 
interest, using either arbitrary primers, or restriction digest in combination with 
adaptor ligation can be applied in order to generate PCR based molecular markers or 
individual specific fingerprints.  
1.3.2.1 Anonymous Markers 
Other than sequence targeted PCR techniques, where the DNA sequence of the 
investigated locus is known, anonymous markers are generating multiband patterns 
targeting regions which are ‘presumably present’ and distributed throughout the 
genome. The detected regions are hit either by arbitrary primers, or primers 
representing sequences of repetitive nature present in the genome. Another 
possibility is to add, via ligation, known adaptor sequences to fragments generated 
from the genome of interest by restriction digest. These adaptor sequences can 
subsequently be used as primer binding site for the differential amplification of a 
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Random amplified polymorphic DNA markers (RAPD).  
In 1990 (Welsh & McClelland 1990) developed a new PCR-based genetic assay 
namely randomly amplified polymorphic DNA (RAPD). The basis of this technique is 
the differential PCR amplification of genomic DNA. It detects nucleotide sequence 
polymorphisms in DNA using a single short primer of arbitrary nucleotide sequence of 
10 bp in length (Williams et al., 1990b). In a typical RAPD reaction, the primer 
anneals to the genomic DNA at two different sites on complementary strands of DNA 
template, representing inverted sequence stretches of the same 10 bp. If these 
priming sites are within an amplifiable range of each other, a PCR product is 
generated. The used primer amplifies a number of discrete loci in the genome, thus 
generating a multi band pattern of amplification products being visible when analyzed 
on agarose gels. The technique therefore can be used to investigate nucleotide 
sequence polymorphism between individuals.  
RAPD represents a dominant marker type, meaning that size variants i.e. alleles 
belonging to one single locus can not be discriminated from one another. Therefore 
there is no possibility to distinguish homo- from heterozygous individuals. Also the 
dosage effect being caused by multiple copies of the respective locus (i.e. in 
polyploidy plants) would not be visible. Another uncertainty in analysing RAPD 
profiles is the fact that the primers used also anneal to, and therefore amplify, 
organellar regions. To which extent the bands represented in a RAPD profile 
originate from chloroplast or mitochondrial DNA as compared to nuclear DNA is 
unclear. Still, due to the speed and efficiency of RAPD analysis, it was used in high-
density genetic mapping in many plant species like faba bean (Torress et al., 1993) 
or apple (Hemmat et al., 1994), for diversity analysis in poplar cultivars (Rajora & 
Rahman 2003; Sabatti et al., 2001) or oilseed rape varieties (Ma et al., 2000), to 
compare wild to cultures Amaranthus (Chan & Sun 1997) or testing of genetic 
stability (Sínchez et al., 2008). The popularity of RAPD application in genotyping has 
decreased due to the fact that reaction conditions strongly influence the resulting 
RAPD profile, more or less preventing the direct comparison of results between 
laboratories (Garcia-Mas et al., 2000; Milbourne et al., 1997). 
 
DNA amplification fingerprinting (DAF).  
An independently developed, yet RAPD related technique, is the DAF (Caetano-
Anolles & Bassam 1993). Here, single arbitrary primers of only 5 bp are used to 
generate fingerprint like banding patterns by PCR amplification. The amplicons 
obtained are analyzed using polyacrylamide gels along with silver staining to achieve 
better resolution and sensitivity. Like RAPD, DAF is a codominant marker system that 
found its application in fingerprinting bacterial populations (Bassam et al., 1992) or 
the characterization of the origin of Bermudagrass (Caetano-Anolles et al., 1997). 
 
Amplified fragment length polymorphism (AFLP) 
The AFLP technology, also an ‘arbitrary’ PCR technique, helped to overcome the 
limitation of reproducibility associated with RAPD (Vos et al., 1995). It is a technique 
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based on the detection of genomic restriction fragments by PCR amplification and 
can be used for DNAs of any origin or complexity. Genomic fingerprints can 
produced, without any prior knowledge of the sequence, using a limited set of generic 
primers. The number of fragments detected in a single reaction can be adjusted by 
the selection of specific primer sets.   
AFLP is a combination of RFLP with the PCR-mediated amplification of 
sequences and mainly involves 3 steps: First the generation of DNA fragments by 
restriction endonuclease digest using two different enzymes (MseI or PstI and 
EcoRI). These restriction fragments are in a second step ligated to adaptors fitting 
either restriction site, allowing selective amplification steps by using the adaptors as 
primer sites in PCR reactions. By altering the number of selective nucleotides which 
are added to the amplification primers, as well as by adjusting the primer 
combination, the number of bands generated during an AFLP analysis can be 
influenced. In a third step, the amplicons are analyzed on an automated sequencer. 
As only one of the two primers used for the PCR amplification is fluorescently 
labelled, only fragments will be detected, that were generated by this labelled primer. 
The AFLP fragments also represent dominant markers and correspond mostly to 
unique positions on the genome. An AFLP band of a certain length represents a 
presence allele (scored 1) at such an AFLP locus. Individuals not having a band, 
instead have an absence allele (scored 0). The presence and absence character of 
the data cannot provide complete genotypic information for diploid organisms. Most 
population genetic analyses based on AFLP data assume that the absent allele really 
is absent from the data caused by either mutations in the restriction sites for the 
enzymes or in the sequence corresponding to the additional bases in the 
amplification steps. However, other types of mutations (inDel) may result in a DNA 
fragment of a different length and therefore a band at a different position, scored as a 
separate locus. 
AFLP markers found a wide field of applications especially in plant genetics. 
AFLP markers are widely used when attempting to locate and characterize regions in 
the genome that affect the expression of quantitative traits when trying to improve the 
efficiency and precision of plant breeding programs. They have been used to 
determine the genetic architecture of economically important traits such as disease 
resistance in melon, barley or apricot (Budahn et al., 2009; Lalli et al., 2008; Teixeira 
et al., 2008) and resistance breeding (Kim et al., 2008; Parh et al., 2008), productivity 
(Barbosa et al., 2003; Tullu et al., 2008) or malting quality (Faccioli et al., 1999) but 
also to infer the history of crop domestication (Allaby & Brown 2003). To localize 
genetic regions that code for quantitative traits, so-called quantitative trait loci (QTL), 
it is essential to have access to a linkage map. AFLP, together with microsatellites, is 
the most common marker used when developing new linkage maps (Pakull et al., 
2009; Travis et al., 1998). AFLP has proven to be especially suitable for enrichment 
of existing genetic maps (Blas et al., 2009) and for producing consensus linkage 
maps (Isobe et al., 2009). AFLP can also provide insights into the evolutionary 
relationships between organisms, patterns of introgression or hybridization (Gedil et 
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al., 2009; Paun et al., 2007; Travis et al., 2004; Wilson et al., 2005) and genome-wide 
diversity measures (Leitch et al., 2009).  
Using AFLPs to investigate the level of genetic diversity reveals information about 
historical population sizes and structure (Ortiz et al., 2009; Rahimmalek et al., 2009; 
Terrab et al., 2008; Terrab et al., 2009). For managing rare and threatened species, 
knowledge of intraspecific genetic variation may help to assess extinction risks and 
evolutionary potential in a changing world. Many molecular ecologists study the 
genetic structure of populations in order to estimate historical events (Terrab et al., 
2008). In a review about genetic structures in plants, Nybom (Nybom 2004) 
demonstrated that FST values (and FST analogues) obtained from dominant markers 




A quick and quite reliable method to study differences at the gene expression 
level between two individuals from one species as well as between closely related 
species is the cDNA AFLP or differential display. Here, mRNA populations from two 
individuals are used as starting material for the analysis. When following the AFLP 
process on cDNA generated from the initial mRNA, differences in the expression 
pattern can be observed, being visible as differences in the observed banding 
pattern. This method found restricted application in plant molecular analysis, although 
interesting results could be generated (Simoes-Araujo et al., 2002; Dubos & Plomion; 
2003). 
 
AFLP based DNA methylation detection  
Methylation of cytosine is a common epigenetic modification of DNA in most 
eukaryotic organisms. The methylation patterns of DNA are relatively stable over cell 
generations, but can also be modified by environmental influences (Bender 2002). 
Variation in methylation has been found to influence gene expression and genomic 
imprinting. Patterns of DNA methylation can be retrieved by a modification of the 
original AFLP protocol using isoschizomeric restriction enzymes which cut DNA at the 
same sequence motif with differential sensitivity to DNA methylation. Methylation-
sensitive AFLP has been used to study vernalization in winter wheat (Sherman & 
Talbert 2002) and ecotype differences in Arabidopsis thaliana (Cervera et al., 2002).  
 
Inter simple sequence repeat markers (ISSR)  
ISSR is a technique where primers based on microsatellites (see 1.3.2.2.) are 
utilized to amplify inter-SSR regions of the genome (Zietkiewicz et al., 1994). Like in 
the RAPD technique, just one primer is used in the PCR reaction. Here, the primer 
consists of a microsatellite repeat unit (i.e. (TG)9). When combining this technique 
with the AFLP approach, or with the RAPD technique (Wu et al., 1994), a new type of 
anonymous dominant markers can be generated, the RAMP (Random amplified 
Microsatellite Polymorphism). Microsatellite-AFLP is a fingerprinting method for 
simultaneous amplification of microsatellite- and AFLP markers. Microsatellite-AFLP 
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uses the combination of a randomly amplified microsatellite polymorphism (RAMP) 
primer and a selective AFLP primer to amplify restriction fragments containing simple 
sequence repeat (SSR) motif sequences for diversity studies (Yang et al., 2006). 
 
SSAP: Sequence Specific Amplified Polymorphism 
SSAP is a multi banding marker technology which first was described by Waugh 
et al (Waugh et al., 1997b) and describes a method where differences in the insertion 
sites of transposable elements are targeted to generate polymorphic markers. Due to 
their conserved nature, different elements of the ClassII retrotransposons can be 
used to perform an SSAP assay, combining AFLP with a site specific PCR reaction 
targeting a specific retrotransposible element. Two approaches have been persued i) 
using the LTR (long terminal repeat) region as primer anchoring site for the PCR 
amplification step, or ii) using the RNaseH-LTR region in combination with a 
restriction site at the other end (Berenyi et al., 2002). The parallel analysis of 
retrotransposon insertion site polymorphisms has been used for linkage and diversity 
analysis in various species like pea, vine or oil palm (Ellis et al., 1998; Forneck et al., 
2009; Labra et al., 2004; Price et al., 2003). 
 
1.3.2.2 Sequence Specific Marker Types: 
Whenever sufficient knowledge on the genome or parts of the genome of interest 
is available, PCR reactions can be targeted to specific sites. Markers generated using 
sequence specific primers have the advantage of allowing the discrimination of single 
alleles of the same locus, thus exhibiting codominant nature. With these markers 
homo- and heterozygous individuals can be discriminated easily, allowing paternity 
analysis. They are widely used for anchoring genetic maps that have been generated 
using anonymous markers. Further more they have wide applications in plant 
breeding, diversity and population genetic analysis. With the growing amount of 
sequence information available in public databases, often anonymous or former 
hybridization based markers can be turned over to Sequence tagged Sites (STS). In 
this way, repetitive DNA (SSR, repeat classes i.e. transposon), VNTR, telomeric, 
centromeric regions as well as single copy regions (genes and intergenic regions, 
SNPs and InDels) can be investigated. 
 
Sequence-tagged sites (STS)  
Anonymous markers like RAPD, AFLP or cDNA AFLP bands as well as RFLP are 
very often of interest for further analysis. Especially when these markers are linked to 
a trait of interest, then these genomic regions can serve as markers linked to QTLs. 
In this case, there is strong interest to get the exact sequence information for this 
locus, and to convert the probes into PCR-based STS markers based on their 
nucleotide sequence (Olson et al., 1989). Therefore a STS is a short DNA sequence 
that occurs only once in a genome or chromosome. With the obtained specific 
amplicons, variations at the genomic level can be specifically investigated. There is a 
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wide palette of reports for anonymous markers being converted to informative STS 
markers like in rice, where RAPD markers have been transformed to STS markers for 
variety testing (Monna et al., 1994) or by converting AFLP markers to STS as 
markers for male sterility in radish (Murayama et al., 2003). When these markers are 
linked to specific traits, they can be easily integrated into plant breeding programmes 
for marker-assisted selection of the trait of interest. 
 
Microsatellites (SSR, simple sequence repeats) 
Within the past decade microsatellites have developed into one of the most widely 
used source of nuclear as well as organellar markers for a wide range of applications, 
from genome mapping to forensic testing from population genetic studies to 
phylogeographical investigations. Microsatellites were first described by (Litt & Luty 
1989), and represent a ubiquitous class of simple repetitive DNA sequence. These 
repetitive elements have been described in all eukaryotes analyzed so far. Features 
such as hypervariability i.e high degree of polymorphism and ubiquitous occurrence 
explain their widespread use. Microsatellites, comprising tandemly repeated short 
nucleotide sequences of 2 to 6 bp can be easily PCR typed and follow, when located 
in the nuclear genome, Mendelian co-dominant inheritance. Studies have been 
conducted in order to explain the origin of this high degree of variability (Schlotterer 
2000). Mutations within microsatellites are frequent, altering their overall length by 
insertion or deletion of a small number of repeat units which is thought to be caused 
by replication slippage. In humans, the rate of contraction mutations increases 
exponentially with allele size, whereas the rate of expansion mutations is constant 
across the entire allele distribution (Xu et al., 2000). 
Microsatellites have been shown to be associated with human disease, not only 
as markers of risk but also directly with diseases like fragile X or Huntington's disease 
(Koreth et al., 1996). It has been observed, that in plants the overall frequency of 
microsatellites is inversely related to genome size and to the proportion of repetitive 
DNA, still remaining constant in the transcribed portion of the genome (Morgante et 
al., 2002a). The microsatellite frequency is higher in transcribed regions, especially in 
the untranslated portions showing a significant association with the low-copy fraction 
of plant genomes (Galindo et al., 2009). 
 
Expressed sequence tag markers (EST).  
When working with complex genomes like in the plant kingdom, there is interest in 
getting rid of the repetitive part of the genome which sometimes adds up to more than 
90% of the total genomic DNA. One approach is to just work on the expressed part of 
the genome which is represented in the mRNA population of a tissue. When 
extracting mRNA and converting it to cDNA and further to cDNA libraries in plasmid 
vectors, the expressed part of the genome can directly be analyzed. The EST term 
describes the fact, that when isolating and sequencing expressed genes starting from 
mRNA, often only partial sequence information for one gene can be generated due to 
technical reasons. In addition the sequences generated on randomly picked clones 
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usually are generated by just one sequencing run into one direction (single pass) 
generating sequence reads of about 700–800 bp at the maximum, being limited by 
the Sanger sequencing chemistry. This is why the sequence information generated 
serves as a tag for the full gene. These single pass sequence reads are of rather 
poor quality which has to be kept in mind when working with ESTs from public data 
bases.  
A new approach towards more efficient generation of EST information as well as 
whole transcriptome analysis is the use of NextGen sequencing technologies, where 
an isolated mRNA population is directly subjected to sequencing without the time 
consuming library construction. This generates a vast amount of data and is currently 
applied to species, where a lot of knowledge on the transcriptome is already available 
(Wall et al., 2009). As the generated sequences are rather short (up to 450 bp max, 
mostly 50 bp), alignments to already characterized sequences is recommended. In 
order to assign a function to these short tags, also longer reference sequences are 
needed. 
The 3' end of an EST can serve as a source for the development of STSs 
because of their likelihood of being unique to a particular species. They have the 
additional benefit of being directly associated to an expressed gene. Once generated, 
they are useful in cloning specific genes of interest and synteny mapping of functional 
genes (Mochida et al., 2008). Comparative analysis as well as application as markers 
across closely related species (COS markers) are applications for markers targeting 
ESTs. They are used in full genome sequencing projects to facilitate genome 
annotation. ESTs are frequently used for SNP detection, and for several species like 
for rice (Feltus et al., 2004); http://irfgc.irri.org/) wheat (http://wheat.pw.usda.gov/ 
SNP/snpdb.html) or barley (Rostoks et al., 2005)http://bioinf.scri.ac.uk/ barley_snpdb) 
these SNPs are described in public data bases wherein thousands of functional 
cDNA clones are being converted into SNP marker regions. Also for non-model 
species like melon, ESTs serve as a valuable source for SNP marker development 
applicable for cultivar identification (Deleu et al., 2009a). 
 
Single strand conformation polymorphism (SSCP)  
Apart from DNA sequencing, SSCP is a way to discover new DNA 
polymorphisms. SSCP uses amplicons of a specific locus that have been produced in 
a preceding PCR reaction. SSCP analysis is an useful application for the detection of 
mutations based on the ability of a single nucleotide change in a given sequence to 
alter the electrophoretic mobility of that DNA single strand under non-denaturing 
conditions (Orita et al., 1989). Other than for double stranded DNA, the mobility of 
single strands (ssDNA) in electrophoretic gels is affected by changes in sequence, 
leading to instable intra-strand base pairing, resulting in loops and folds that give the 
single strand a unique secondary structure. During SSCP analysis dsDNA undergoes 
denaturation to form ssDNA followed by subsequent folding, generating a unique 
conformational state based on its sequence. A single nucleotide change therefore 
dramatically affects the mobility of the ssDNA strand through a gel by altering the 
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conformation. By this conformational changes, SSCP can identify heterozygosity of 
DNA fragments of the same molecular weight and even detect changes of a few 
nucleotide bases as the mobility of the single-stranded DNA changes with change in 
its GC content. This is a rapid technique for allele analysis particularly for detection of 
point mutations as well detection of DNA polymorphisms and mutations at multiple 
sites in DNA fragments. Apart from regular mutation detection in genes of interest, 
SSCP has been applied in genotyping (Kuhn et al., 2008) as well as in molecular 
ecology (Sunnucks et al., 2000) or mutation detection (Sato & Nishio 2003). 
 
SNP detection using PCR based assays 
In the amplification refractory mutation system (ARMS) strategy a PCR primer is 
designed in a way that it is possible to discriminate among templates that differ by 
only one single nucleotide (Marefat et al., 2006). ARMS has also been termed allele-
specific PCR. The main advantage of ARMS is that the amplification step and the 
diagnostic steps are combined, so that the presence of an amplified product indicates 
the presence of a particular allele whereas the absence of a PCR product shows the 
absence of a particular allele/SNP. Here also quantitative PCR analysis as well as 
direct detection of positive PCR results by intercalating dyes or TaqMan probes can 
be applied to discriminate between alleles (Lyon et al., 2009).  
 
HRM and its combinations  
A new technology that can be seen as a further improvement of SSCP is high 
resolution melting analysis (HRM). First described in 2003 (Wittwer et al., 2003) it 
detects new sequence variants in double stranded amplicons with unknown 
variations. As the location of a potential sequence variation is not known, sequence-
specific analysis cannot be done, unless sequencing is applied. High resolution 
melting uses special dyes that fluoresce only in the presence of double stranded DNA 
(dsDNA) as they have the ability to intercalate into the double strand structures 
(SybrGreen, LC Green; (Wittwer et al., 2003). When the sample is heated to high 
temperatures, the dsDNA gradually denatures forming ssDNA which can not 
accommodate the dye anymore. Thus the fluorescent color fades away as the dsDNA 
strands separate. This process can be monitored online in a Lightcycler, resulting in a 
specific melting curve of the respective fragment. Unknown sequence variations in 
diploid organisms become visible in a heterozygous state due to the presence of 
heteroduplex DNA which is formed between the two heterologous alleles in the 
analysis process. Due to a shift in melting temperature of the heteroduplexes, the 
shape of the melting curve in altered as compared to the curves produced by 
homologous strands. The process can be used for specific genotyping, comparing 
sequence identity between two DNA samples (Vaughn & Elenitoba-Johnson 2004), 
and scanning for any sequence variant within a locus. Recent studies applied HRM 
as a cost efficient method that can be employed as an initial screen for the 
identification of genes or genomic regions harbouring point mutation/SNPs. The 
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results of these initial screens can serve as the basis for in depth sequencing of the 
putative polymorphic regions for subsequent SNP assay development. 
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1.4 Molecular markers in plant genome analysis 
 
The fast development and widespread use of molecular markers during the last 
decades shows that these tools provide easy and fast access to relevant information 
on the genomes of interest for scientists as well as breeders (Agarwal et al., 2008a; 
Angaji 2009; Dwivedi et al., 2007). Genome analysis based on molecular markers is 
generating a vast amount of information which can be used for manifold purposes. 
Molecular markers are used as tools for a large number of applications ranging from 
localization of a gene to the improvement of plant varieties by marker-assisted 
selection. From the estimation of post glacial migration of species to population 
genetic analysis as well as plant systematics and taxonomy molecular markers are 
being applied. They have also become popular tools for phylogenetic analysis 
opening new insights to develop evolutionary theories, and are used to develop a 
new view on the ‘tree of life’. Genetic diversity of plant species plays a major role in 
the sensitivity, stability, and dynamics of ecosystems, and is one of the most 
important determinants in conferring the adaptive potential of populations or species. 
Appropriate conservation programs cannot be envisaged without detailed information 
on the amount and distribution of the genetic resources of a species.  
 
Population genetics and diversity studies 
Early theories of evolution were based on morphological and geographical 
variations between organisms. However, nowadays molecular biology techniques 
provide detailed information about the genetic structure of natural populations. RFLP, 
DNA sequencing, and a number of PCR-based markers are being used extensively 
for reconstructing phylogenies of various species up to the barcode of life (Song et 
al., 2008). Furthermore, these studies hold a great promise for revealing more about 
the pattern of genetic variation within species (Allan et al., 2008). 
Genotyping provides a measurement of the genetic variation between members 
of a given population or sample set. Using molecular markers to analyze the DNA of 
all individuals of interest provides highly accurate tools for assessing population size, 
sex ratio, mortality, reproduction, effective population size, inbreeding, and migration 
and therefore are very useful in monitoring population growth or decline (Fraser et al., 
2007). Additionally, dispersal and migration patterns inferred from family relationships 
of fragmented populations are useful for evaluating the population’s status and its 
putative history.  
The goal of population genetics is the study of the allele frequency distribution 
and change under the influence of various forces like selection and adaptation, gene 
flow, mutation or genetic drift that result in evolutionary changes in a given species 
over time. In order to judge on conservation needs of endangered species, the 
putative effects of loss of genetic diversity and changes in the genetic structure on 
the long-term survival need to be assessed. Using molecular tools, the effective 
population size and the degree of inbreeding in a fragmented or declining population 
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can be effectively estimated. It also takes account of population subdivision and 
population structure in space and measures gene flow between populations as well 
as between species and therefore, it attempts to explain adaptation and speciation.  
 
Molecular markers in taxonomy 
Molecular systematics is an essentially cladistic approach: it assumes that 
classification must correspond to a phylogenetic descent. First analysis were done by 
with chemotaxonomy which made use of proteins, enzymes or carbohydrates which 
were separated and characterized using techniques such as chromatography. These 
have been largely replaced in recent times by DNA sequencing which produces the 
exact sequences of nucleotides of mitochondrial, nuclear or chloroplast DNA.  
These are generally considered superior for evolutionary studies since the actions of 
evolution are ultimately reflected in the genetic sequences where the molecular clock 
assumption is used that quantitative similarity of genotype is a sufficient measure of 
genetic divergence.  
 In a molecular systematic analysis, the haplotypes are determined for a defined area 
of genetic material for a sufficiently big number of individuals of the target species or 
taxon. Delimitations of species are crucial for correct and precise identification of 
taxa. The application of molecular techniques is rapidly transforming the study of 
plant systematics due to the precision they offer. Thus they enable researchers to 
classify plants that have not been subject to rigorous classification before and thus 
molecular tools allow to obtain a clearer picture of evolutionary relationships. 
The impact of molecular phylogenetics on the angiosperms has been particularly 
interesting. Inferences from three genes (rbcL, atpB, 18S rDNA) agree in the major 
features of angiosperm phylogeny and have resulted in a reclassification of the 
angiosperms (Soltis & Soltis 2000). Phylogenetic information has also contributed 
substantially to new perspectives on the evolution of polyploid genomes. For example 
in the area of peat mosses (Sphagenceae: Bryophyta) it was found that the 
evolutionary history of this group is more complex than previously thought. Based on 
nuclear SSRa and plastid markers, alloploidy and homoploid hybridization could be 
detected in populations of the Sphagnum subsecundum complex (Ricca & Shaw 
2010).  
Studying the genetic variation in plants using molecular markers revealing 
patterns of intra- or inter-specific variations is applied to understand their evolution 
from their wild progenitors and to classify them into appropriate groups. The 
taxonomic classification is an essential first step to determine whether any 
germplasm is a part of the primary, secondary or tertiary genepool of the system 
concerned. This is especially important in cases where morphological markers can 
prove to be inaccurate and misleading. Examples are the reports of Muir et al., 2000 
(Bacilieri et al., 1995) on oak, studies on musa (Boonruangrod et al., 2009) or 
eucalyptus (McDonald et al., 2009).  
DNA barcoding serves as tool for rapid species identification based on DNA 
sequences and offers new answers to questions previously beyond the reach of 
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traditional disciplines. DNA barcodes consist of a standardized short sequence of 
DNA (400–800 bp) that in principle should be easily generated and characterized for 
all species (Fazekas et al. 2009; Hollingsworth et al. 2009; Kress & Erickson 2008; 
Pennisi 2007). DNA barcoding aims to use the information of one or a few gene 
regions to identify all species on earth. DNA barcoding will allow users to efficiently 
recognize known species based on their DNA barcode which will be accessible via a 
standardized on-line digital library of barcodes (Kress & Erickson 2008).  
 
Molecular tools in plant breeding 
Plant improvement, either by natural selection or through the efforts of breeders, 
has always relied upon creating, evaluating and selecting the right combination of 
alleles. Breeders have traditionally improved plant varieties by selection and 
crossings based on their phenotypic appearance. Now various molecular markers 
serve as tools to generate linkage maps which provide a more direct method for 
selecting desirable genes via their linkage to easily detectable markers. A genetic 
linkage map indicates the relative locations of specific markers along a chromosome. 
Thus, applying these markers allows dissecting the genome into genetic linkage 
groups representing the chromosomal units (Rae et al. 2007). To generate linkage 
maps, a suitable mapping population derived from a cross (full sib family) of two 
individuals exhibiting different phenotypic traits as well as a large set of markers 
providing sufficient variable alleles for map saturation are needed. For the 
construction of a linkage map of for example durum wheat, co-inheritance of allelic 
variants of different marker types applied have been analyzed (Mantovani et al. 
2008). Due to meiotic recombination, two markers originally located on the same 
chromosome can become separated. The smaller the distance between the loci, the 
lower the probability that a crossing over will occur in the space between them, and 
thus the stronger is their linkage (Williams et al., 1995). The first genome map in 
plants was reported in maize, followed by rice and Arabidopsis (Beavis & Grant 1991; 
Causse et al., 1994; Hauge et al., 1993) using RFLP markers. Maps have since then 
been constructed for many other crops like potato (Jacobs et al., 1995), barley 
(Ramsay et al., 2000), papaya or apple (Blas et al., 2009; Celton et al., 2009). Once 
the framework maps are generated, a large number of markers derived from various 
techniques are used to saturate the maps as much as possible. Comparative 
mapping between closely related species reveals synteny regions between genomes 
that have been conserved throughout species evolution (Ahn & Tanksley 1993; 
Barreneche et al., 2004a; Ellegren 2008a; Gale & Devos 1998). 
Markers have proved their importance as helpful landmarks in locating and 
manipulating quantitative trait loci (QTL). A QTL is a region in the genome that affects 
the trait or traits of interest and which can be allocated to a specific site on a genetic 
linkage map. When having a QTL co-located to a known marker, cloning of the gene 
responsible for the trait is getting possible. Markers linked to genes involved in 
several traits like leaf rust resistance in coffee (Herrera et al., 2009), citrus leprosis 
resistance (Bastianel et al., 2009) or leaf length in grasses (Barre et al., 2009) will 
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allow map based cloning. Allele-specific associated primers help in genotyping of 
allelic variants of loci that result from size differences or point mutations like the waxy 
gene locus in rice (Sato & Nishio 2003). 
The availability of such linkage maps facilitated the development of marker-based 
gene tags, map-based cloning of agronomically important genes like malting quality 
in barley (Schmalenbach & Pillen 2009; Williams et al., 1995), tomato fruit size 
(Brewer et al., 2007; Chaim et al., 2003; Van Der Knaap & Tanksley 2003; Williams 
et al., 1995) or male sterility in melon (Causse et al., 2004; Park et al., 2009; 
Schmalenbach & Pillen 2009; Williams et al., 1995), synteny mapping (Devos et al., 
1995; Gale & Devos 1998; Grant et al., 2000) as well as marker-assisted selection of 
desirable genotypes or traits (Lecomte et al., 2004; Van Der Knaap & Tanksley 2003; 
Williams et al., 1995). 
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2 Specific marker development and applications for 
selected research topics – thesis work 
 
Depending on the taxonomic group, species-, population- or individual-level, 
different marker systems for discrimination experiments are available. Arbitrary, semi-
arbitrary methods, sequencing data and other multi-locus profiling techniques are 
used to provide information for answering questions at the species level. In addition 
to the various marker types described above, these markers are available in the 3 
different DNA containing compartments of a plant cell: i) the nucleus, ii) the 
chloroplast (cp) and iii) the mitochondria (mt). The organellar DNA (cp, mt) follows 
uniparental inheritance whereas the nuclear genome is bi-parentally inherited 
according to the Mendelian laws. In the uniparentally inherited organellar DNA, no 
recombination is occurring, in contrast to the nuclear genome, thus different 
questions can be answered when targeting the different genomes. 
2.1 Markers in the Nuclear Genome 
 
Introduction 
The size of the nuclear genome of plants varies considerably (Leitch et al., 2005; 
Soltis et al., 2003) as genomes of eukaryotic organisms vary over 200,000-fold in 
size. The first genome size estimates were conducted in the late 1940s. Nuclear DNA 
content data for >10 000 species of plants, animals and fungi are currently made 
freely available through three independent databases (Gregory et al., 2007). Data on 
plant genome sizes can be found at the Plant DNA C-values Database 
(http://www.kew.org/genomesize) Among angiosperms, genome sizes range from 
108 Mb for Fragaria viridis (Bennett & Leitch 2005) to >130,000 Mb in some members 
of the Liliaceae like Fritillaria assyrica (Leitch et al., 2005; Leitch et al., 2009). 
Arabidopsis thaliana, the smallest recorded flowering genome has a size of 157 Mb 
(Arabidopsis Genome Initiative 2001) whereas the amoebe Polychaos dubium 
("Amoeba" dubia) possesses the largest genome known so far with 670,000 Mb 
(Parfrey et al., 2008). The first tree genome sequenced was the one of Populus 
trichocarpa with 480 Mb (Tuskan et al., 2006). This shows that huge variation in 
genome size is common among distantly related organisms, but it also is 
unexceptional even among closely related species like in vicia, where genome sizes 
range approximately sixfold among members of the genus. As laid out by (Bennetzen 
2002) some portion of this genome size variation may be ascribed to differences in 
gene, chromosome segment, and whole genome duplications, as well as to gene 
loss. Nevertheless, >90% of plant genes possess close homologs within other plant 
species, indicative of highly conserved gene content (Conte et al., 2008).  
The plant genome includes both genes and non-coding sequences. In plants, 
amplification and insertion of newly activated long terminal repeat (LTR) 
retrotransposable elements appear to be major contributors to genome size 
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expansion. For example, 70% of the maize nuclear genome is composed of 
LTRretrotransposons (Kumar & Bennetzen 1999). In the span of a few million years, 
the maize genome doubled in size due to transposable element (TE) activity. These 
TEs are often found in nested arrangements located between “gene islands” and 
often are associated with centromeres. Other mechanisms proposed to be 
responsible for genome size expansion include intron size expansion of tandemly 
repetitive DNA sequences (Meyers et al., 2001), segmental duplication (Bancroft 
2001; Flagel & Wendel 2009; Grant et al., 2000; Soltis et al., 2007), accumulation of 
pseudogenes (Guo et al., 2009; Karro et al., 2007; Podlaha & Zhang 2009), and 
transfer of organellar DNA to the nucleus (Millen et al., 2001; Shahmuradov et al., 
2003). 
Some organisms have multiple copies of chromosomes i.e. diploid (2), triploid (3), 
tetraploid (4) and so on. During meiosis, the chromosome set is divided into two so 
that the gamete receives half the number of chromosomes of the somatic cell. This 
typically happens when gametes are produced (pollen and ovary cells) and the 
genetic information is being transferred to the F1 generation according to Mendel’s 
laws. 
Eukaryotic genome data are becoming increasingly important both as the basis 
for comparative research into genome evolution as well as serving bioinformatics 
approaches for marker development. In addition, genome sequences of model 
organisms are very helpful for expanding research on non-model organisms, as 
orthologous sequences can easily be fished from the unknown genomes when using 
sequence information based on already known closely related species (COS 
markers) (Liewlaksaneeyanawin et al., 2009). 
 
SSRs  
Microsatellite markers were first described by Weber and May for humans in 1989 
(Weber & May 1989). SSR (‘Simple sequence repeats’ or ‘microsatellites’) are short 
segments of two or more (usually up to six) base pairs repeated tandemly. The 
typical characteristics of microsatellites, such as their presence in the genomes of all 
living organisms, high level of allelic variation, co-dominant mode of inheritance and 
potential for automated analysis make them an excellent tool for a number of 
approaches like genotyping, mapping and positional clonig of genes. Although 
microsatellites are present both in non-coding and coding regions, their frequency is 
higher in transcribed regions, especially in UTRs (Morgante et al., 2002b). The 
microsatellites in coding and non-coding regions may also differ in their compositon. 
For seven eukaryotic clades, Metzgar (Metzgar et al., 2000) reported that tri- and 
hexanucleotide repeats were present in both coding and noncoding sequences, but 
other repeat types like di- or tetra -were much less frequent in coding regions. This 
might be attributed to the fact that genes and thus mRNA is translated to protein 
sequences by translating triplets of the sequence to an amino acid code, and thus 
variation in coding regions is only viable when 3 bases are concerned i.e. a triplet is 
added or deleted. 
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SSRs are considered the most efficient markers, but their use is still limited 
because of the long and laborious steps to develop them. With the availability of 
freely accessible genome information on various genomes, the in silico identification 
of SSR regions for marker applications has become possible. Other than in previous 
days, when enriched libraries (Edwards et al., 1996; Hamilton et al., 1999; Milbourne 
et al., 1998) had to be generated in order to isolate SSRs from a genome of interest 
(Zane et al., 2002) the vast amounts of public genomic sequences, EST and BAC 
sequence resources can be utilized for marker development (Kofler et al., 2007). In 
rice, Cho et al., (Cho et al., 2000) showed that microsatellites derived from genomic 
libraries detected a higher level of polymorphism than those derived from ESTs 
contained in the GenBank database (83.8% vs. 54.0%). As has been shown by 
Ritland (Rungis et al., 2004), EST data from pines could be efficiently used to 
generate SSR markers that work across a set of closely related species. Using ESTs 
as a source for marker development has the advantage that expressed sequences i) 
are more conserved across species, which eases transferability of markers and ii) are 
located in functional units i.e. expressed genes, giving them a putative correlation to 
phenotypic variation (Varshney et al., 2002; Varshney et al., 2005). 
Hypervariability of SSRs allows using them for numerous purposes such as the 
construction of molecular maps. EST derived microsatellite loci were detected and 
mapped in many species, such as barley (Becker & Heun 1995), maize or rice. Their 
hypervariable nature made them attractive for breeders who could utilize them for 
marker assisted selection (MAS) and map construction (Peleg et al., 2008) as 
molecular markers tightly linked to a target gene of agronomic importance. Zhou 
(Zhou et al., 2003) showed that MAS for the major scab resistance QTL in wheat was 
much more effective when using SSRs in combination with phenotypic traits. 
Because of the possibility to detect several alleles at a high frequency, SSRs also are 
an ideal tool for identifying genetic diversity between idividuals and the genotyping of 
cultivars. Even in self-pollinated species like wheat or barley just a few tens or SSRs 
were enough to discriminate between 48 genotypes of wheat (Prasad et al., 2003). It 
was demonstrated that microsatellites in plants could even be up to ten-fold more 
variable than other markers; thus, they are highly suited for genetic diversity analysis. 
Due to their instability and sensitivity to stress conditions during replication, SSRs 
were even used for the detection of somaclonal variation in poplar (Rahman & Rajora 
2001) or oak (Wilhelm et al., 2005). SSRs are useful for quantification of genetic 
diversity, characterization of accessions in plant germplasm collections and 
taxonomic studies. Microsatellite markers have also been advantageous in pedigree 
analysis as they represent a single locus. The multi allelic state of this marker 
facilitates variability detection across a wide range of germplasm and allows 
individuals to be genotyped, so that gene flow (Marques et al., 2002) and paternity 
can be established. One interesting application of this markers has been shown in 
sex identification of papaya where the microsatellite probe (GATA)n is found to reveal 
sex-specific differences in Southern hybridization and thus can be used as a 
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diagnostic marker in this system where male and female plants do not show any sex-
specific morphological difference until flowering (Parasnis et al., 1999). 
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Rhododendron hirsutum, Rhododendron ferrugineum, Rhododendron 
intermedium are three Rhododendron varieties of the alpine rose, endemic to alpine 
areas in Austria, Slovenia, Italy and Switzerland. It is a species of ecological and 
economical interest. Due to its natural habitat on alpine slopes it can be used as plant 
cover for skiing slopes, where it prevents erosion. On the other hand these species 
are of interest for gardeners as there is a lot of interest on these small rhododendrons 
to be planted in rock gardens. Little is known on the genetic diversity of this species. 
Rhododendron ferrugineum L. is an acidophilous evergreen shrub growing on 
arenaceous soils with more or less podsolic features being highly acidic. It is found in 
the Pyrenees, the Jura Mountains, the Alps and Carpathians with large populations at 
elevations of 1600–2200 m. Rododendron hirsutum on the other hand grows at 
somewhat lower elevations on more basic soils. R. intermedium is thought to be a 
hybrid of R. hirsutum and R. ferrugineum showing an intermediate phenotype. The 
species reproduce both sexually and asexually by selfed and out-crossed seeds 
(Escaravage et al., 1997; Escaravage & Wagner 2004) as well as vegetatively 
through layering (Pornon et al., 2000; Pornon & Escaravage 1999).  
Molecular markers so far applied RAPD (Random Amplified Polymorphic DNA) (Wolf 
et al., 2004) and AFLPs (Amplified Fragment Length Polymorphisms) (Escaravage et 
al., 1998) revealed low values of genetic variation in Alpine R. ferrugineum 
populations- and SSR markers have been developed for R. meternichii (Naito et al., 
1998). In order to have a better set of primers, (heterologous primer sets were 
repoted to exhibit reduced variability), new SSR markers for Rhododendron were 
developed for population genetic analysis  
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2.1.1.1 Microsatellite markers for Rhododendron ferrugineum and 
Rhododendron hirsutum, sympatric alpine shrubs  
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Abstract 
We report on the characterization and use of 27 SSR markers for Rhododendron 
ferrugineum and Rhododendron hirsutum. These markers were obtained from a 
genomic library enriched for SSR motifs. 17 of the 27 designed primers revealed 
variable fragments in the chosen test set, but only 11 of these regions were 
producing a nice clear banding pattern and could be used for further analysis. These 
11 primer pairs revealed 3–24 alleles per locus, 110 alleles in the over 230 samples 
tested so far. 
A subset of 4 primer pairs additionally was used for variability tests on a set of 227 
individuals of R. ferrugineum, R. hirsutum and R. x intermedium from 11 natural 
populations from Austria, Switzerland, Italy and Slovenia revealing 65 different 
alleles. Estimation of genetic diversity as well as the identification of clonal material in 
the populations was possible. These newly developed SSR markers are therefore 
well suited for population genetic analysis in Alpine Rhododendron species.  
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Rhododendron hirsutum, Rhododendron ferrugineum and Rhododendron x 
intermedium sometimes called alpenrose are evergreen subalpine shrubs that grow 
just above the tree line in mountainous areas in Austria, Slovenia, Italy and 
Switzerland. R. ferrugineum L. (the rusty-leaved alpenrose due to its brown colored 
leaves) is an acidophilous evergreen shrub growing on arenaceous soils with more or 
less podsolic features being highly acidic (Milne, R. I. and Abbott, R. J.; 2008). It is 
found in the Pyrenees, the Jura Mountains, the Alps and Carpathians with large 
populations at elevations of 1600–2200 m. This is in contrast to Rhododendron 
hirsutum, which has hairy edges on the leaves and grows over limestone on in 
somewhat lower elevations on more basic soils. Where the two species co-occur, 
hybrids between the acid-loving species R. ferrugineum and the basic soil species R. 
hirsutum occur on soils of intermediate pH in the European Alps, being termed R. x 
intermedium exhibiting an intermediate phenotype. These Rhododendron species 
reproduce both sexually and asexually by selfed and out-crossed seeds (Escaravage, 
N. and Wagner, J. 2004) as well as vegetative through layering (Pornon, A. and 
Escaravage, N. 1999); (Pornon, A. et al., 2000). The alpine rose is a species of 
ecological and economical interest. Due to its natural habitat on alpine slopes it can 
be used as plant cover for skiing slopes, where it prevents erosion. On the other hand 
these species are of interest for gardeners as there is a lot of interest on these small 
Rhododendrons to be used as ornamentals in rock gardens. 
Little is known on the genetic diversity of this species. Molecular markers so far 
applied RAPD (Random Amplified Polymorphic DNA) (Wolf, P. G. et al., 2004), 
(Milne, R. I. and Abbott, R. J. 2008) and AFLPs (Amplified Fragment Length 
Polymorphisms) (Milne, R. I. and Abbott, R. J. 2000, Pornon, A. and Escaravage, N. 
1999) revealed low values of genetic variation in Alpine R. ferrugineum populations. 
Codominant marker systems like SSR markers so far only have been developed for 
R. meternichii in 1998 (Naito, K. et al., 1998). In order to have a suitable set of 
primers, new SSR markers for the alpine Rhododendron species were established. 
Genomic DNA of four unrelated individuals of the two species of interest from three 
different geographical origins was extracted using 100 mg fresh leaf material per 
plant (Qiagen Plant Minikit). Construction of an enriched library based on the protocol 
established by Refseth (Refseth, U. H. et al., 1997) was performed on Sau3A partial 
digested DNA pools. After adaptor ligation (Sau3AI A Oligo, 5'-
GGCCAGAGACCCCAAGCTTCG-3' Sau3AI B Oligo, 5'PHO-
GATCCGAAGCTTGGGGTCTCTGGCC-3') fragments were PCR amplified with 
Sau3A adaptor fitting primers, and PCR of 400–1000 bp isolated from an preparatory 
agarose gel. Magnetic streptavidin coated beads (Dynal, Dynabeads) were 
funtionalized by (AG)10 and (CA)10 synthetic oligo nucleotides. These beads were 
then used for capturing SSR containing fragments present in the Sau3A amplification 
product mix. The captured fragments were subsequently used for library construction, 
cloning the isolated fragments into TopoTA cloning vector (Invitrogen). From the 
generated library, 176 clones were randomly selected and sequenced from both 
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ends. Only 27 fragments eventually showed microsatellite sequences of considerable 
length. The other 149 sequence had only small repeat units.  
For 25 sequences primer design was possible. These primers were tested for 
variability on a restricted test set of 8 Rhododendron individuals from the whole 
geographical sampling range, containing R. hirsutum, R. x intermedium and R. 
ferrugineum respectively. A standard PCR amplification was performed at the 
appropriate locus specific Tm (see tab.1) in 25 µl reaction volume using 30–50 ng 
genomic DNA, 15 pmol of the respective primers (one always FAM labelled), 150 µM 
dNTPs, and 1U Hotstar Taq polymerase (Qiagen). SSR loci banding pattern was 
assessed using an automated sequencer (AB 3100) and Genotyper software 
(Applied Biosystems). 
Out of the 25 tested primer pairs, 17 loci revealed variable fragments in the chosen 
test set, but only 11 of these regions were producing a nice clear banding pattern and 
could be used for further analysis (see tab1). These 11 loci together revealed 69 
different alleles, with 3–9 variants per locus respectively in the 8 initially tested 
individuals. 
 
Locus Repeat motif Na N (ind)
size range 
bp AccNr Tm Fwd (5'-3') Rev (5'- 3')
6AG013 (AG)11 6 8 130-182 FJ823230 49 GACAAAATAGCTCCTCTAA GTTCTATTAATGGGGATT 
6AG023 (GT)8(CT)8 9 8 105-137 FJ823252 56 TATGCATACATACAGACA TCATTAGCATAACTGC 
6AG180 (GA)15 3 8 141-152 FJ823235 65 CTGTCAGCTTTTGGGTTAC CAGGTGGGTTCTCACA 
6AG185 (GA)8 6 8 207-227 FJ823236 65 GCACAAGGGAGGTATCAAG GTGGCTCCTGAGACATTTC 
6AG190 (GA)17(GT)12 5 8 105-117 FJ823238 50 GGACCGATGATTACTTCT GGACCGATGATTACTTCT
6AG201 (AG)14 7 8 129-169 FJ823239 50 ACTTAAAAGAATGCCTCTC CCCGTTTAGTATGGATG 
6AG218 (GT)11(GA)19 5 8 109-121 FJ823243 50 TTCTTCTGATTTCGTTGC TTTCTTAGGACCGATGATT 
6AG219 (AG)22 6 8 92-121 FJ823244 49 GATCACATGCTTATATGT  AGCTGCCATTGTTA
6AG230 GA)7(CTTGTT 7 8 290-312 FJ823249 56 GATTGGAAGTGACAAGTC AGGGTGGTCGAATG 
6AG238 (AG)21 6 8 64-90 FJ823251 59 CCTGTGCTACAGTTGG GCAGGTTACCAGTAAAAC
6CA139 (TG)8(GA)20 9 8 61-137 FJ823254 56 TATCTACAAGCCCAATG AGCACTCGAGTATGTTG  
Table 1: Repeat motifs, number of alleles (Na), number of individuals investigated, size range 
of alleles detected in bp, NCBI accession number, annealing temperature (Tm) as well as 
forward (Fwd) and reverse (Rev) primer sequences for 11 variable SSR loci characterized in 
R. ferrugineum and R. hirsutum. 
 
In order to test four of these loci for their applicability for population genetic analysis, 
we investigated 227 individuals from 11 populations form Austria (8), Slovenia (1), 
Italy (1) and Switzerland (1), at least 20 individuals per population. Six of these 
populations consisted of R. hirsutum, three populations were made up by R. 
ferrugineum, and in 2 populations R. ferrugineum, R. hirsutum as well as R. x 
intermedium were present.  
Investigating the 4 selected loci (see tab. 2) we could identify 110 different alleles 
with 9 to 24 allelic variants per locus. This high degree of variability of the selected 
loci allowed population genetic analysis of the 11 populations sampled all over the 
distribution range of alpine Rhododendron. Using PopGene 1.31 
(http://www.ualberta.ca/~fyeh/; Francis C. Yeh; ) we analyzed the heterozygosity 
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state of the sampled populations. Measures show moderate decrease of 
heterozygosity and thus deviation from the Hardy Weinberg equilibrium in the 
populations. This can be attributed to the relatively high degree of selfing and the 
possibility of vegetative propagation reported for this species (Escaravage, N. et al., 
2001). Investigation of 50 seedlings derived from several seed capsules from one 
mother plant revealed a high degree of selfing (over 90%, data not shown) when 
analyzing genomic DNA of germinated plantlets with the 4 selected SSR regions. 
 
Table 2: Population 
genetic measurements 
of four SSR loci on 227 
individuals of R. 
hirsutum, R. ferrugineum 
and R. intermedium, 
giving the allelic size range in bp, where Nind is the number of individuals investigated, Na the 
number of alleles detected in the sample set. Observed heterozygosity (Het_o) and expected 
heterozygosity (Het_e) are listed for the 4 loci as well. 
 
Using the new SSR markers, we were able to detect clonal material within the 20 
individuals sampled per population. In some of the populations, we identified 2 to 9 
individuals exhibiting the same genotype; the samples from Chur/CH having the most 
limited variation in genotypes (20 individuals and only 11 genotypes – data not 
shown). Differences in relatedness of individuals within populations also have been 
described for R. meternichii (Kameyama, Y. et al., 2001). A cluster analysis using 
UPGMA to construct a dendrogram of relatedness between the populations showed 
that all R. hirsutum populations clustered together well separated from R. 
ferrugineum in a separate cluster. The populations containing R. intermedium as well 
as the two other species were co-located in either of the two species specific clusters 
showing the distinctness of the two sympatric occurring species in the alpine region 
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Abstract 
Background and Aims 
Rhododendron ferrugineum L. (Ericaceae) is a subalpine shrub found throughout the 
Pyrenees and Alps above the timberline. One of the southermost limits of its 
geographic range is on the Northern Apennines. Local populations are very few and 
scattered over three mountain groups in the chain. In this work we examined the 
genetic structure of Apennine populations and their relationships with different Alpine 




The genetic structure and relationships among 12 Rhododendron ferrugineum 
populations were examined by using 7 microsatellite markers. Three of these 
populations represent the relict population of Apennines, 3 were collected from 
Maritime Alps, and 6 came from the Central-Eastern Alps. 
 
Key Results  
Genetic variations across six microsatellite markers revealed that three Apennine 
populations showed the lowest genetics diversity values (values ranged from 0.57 to 
0.74) as well as heterozygosity deficiency in comparison to the Alpine populations. 
Genetic relationships among populations (Nei’s genetic distance) showed two main 
clusters which separately contain populations from the Maritime Alps (AM1, AM2 and 
AM3) and populations from other Alps. The Apennine populations (AP1, AP2, AP3) 
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do not cluster together. Our data suggest a low gene flow between Apennine and 
Alpine populations, as well as a different genetic structure of the three Apennine 
populations. 
Conclusions  
The genetic structure of the three Apennine populations and the low gene flow 
between the Apennine and Alpine R. ferrugineum populations suggest a clear 
extinction risk for these small populations owing to the ongoing climate changes and 
subsequent decrease in suitable sites, and the need for a conservation strategy 
based on a germplasm bank.  
 
Key words 
Apennines, Maritime Alps, microsatellites, nuclear SSR, pseudo-rarity, 
Rhododendron ferrugineum L.,  
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Introduction 
Rhododendron ferrugineum L. - the Alpenrose - is an acidophilous evergreen 
shrub which reproduces sexually and asexually by selfed and out-crossed seeds 
(Escaravage et al., 1997; Escaravage and Wagner, 2004), as well as vegetatively 
through layering (Pornon and Escaravage, 1999; Pornon et al.,, 2000). This species 
is found in the Pyrenees, Jura mountains, Alps and Carpathians with large 
populations at 1600–2200 m elevations. Conversely, in the Northern Apennines, it is 
rare, with small relict populations, often reduced to few individuals (Ferrarini, 1973; 
1974; 1979). On this mountain chain, like many other species belonging to South-
European orophytes (e.g. Pinus uncinata Miller, Antennaria carpatica (Wahlenb.) 
Bluff & Fingerh, Artemisia umbelliformis Lam.), Eurosiberian (e.g. Pinus sylvestris L., 
Empetrum hermaphroditum Hagerup), or arctic alpine species (e.g. Lychnis alpina L., 
Salix herbacea L.), R. ferrugineum can be found on the southernmost limits of its 
geographic distribution in Europe (Ferrarini, 1979; Pignatti, 1982; Conti et al., 2005).  
Its small local populations scattered over very few sites offer an example of 
“pseudo-rarity” (Rabinowitz, 1981) or “peripheral rarity” (Hengeveld and Haeck, 1982; 
Brown, 1984; Nathan et al.,, 1996). Wood charcoals of Rhododendron dating back to 
about 2000 years BC were found at 1740 m a.s.l. at a site near Mt. Cusna, where the 
species no longer exists today (Rossi and Orrico, 1996). It is likely that from the late 
glacial age up to about 2000 years BC, R. ferrugineum was relatively abundant above 
the Northern Apennine timberline, despite the heavy human interference (Lowe et  
al., 1994). 
At present, populations of R. ferrugineum can be found only on three mountain 
groups in the Northern Apennines: Mt. Libro Aperto, Mt. Prado-Vecchio, Mt. Nuda-
Cima Belfiore (Alessandrini and Bonafede, 1996), within open ericaceous dwarf 
shrublands on some northern and north-western facing slopes (Ferrari and Piccoli, 
1997). The geological substratum consists of thick bedded turbiditic sandstones and 
marlstones dating back to the upper Oligocene-lower Miocene (Carton and Panizza, 
1988). The soils have more or less podzolic features and are highly acidic 
(Downgiallo et al.,, 1998). On such slopes the snow cover often attains favourable 
conditions for R. ferrugineum: a snow cover lasting about 200 days from November to 
early June (Turner, 1961) with a depth suitable for the protection of buds from frost 
(Körner, 2003). Strong winds, (above 4 ms-1) to which the Northern Apennine slopes 
are particularly exposed, have a negative effect (up to 60%) on the transpiration and 
growth of R. ferrugineum (Tranquillini, 1979). This can be inferred from the 
morphological traits characterizing the three Apennine populations: small plant size, 
presence of few buds per plant, and close-to-the-ground plant profile.  
In general, the geographically isolated populations offer significant case studies 
on the relative effects of reproductive isolation, genetic drift, and selection on the 
genetic structure of populations. For the R. ferrugineum populations, the analysis 
must take into account their remarkable clonal propagation (Körner, 2003). In the 
Northern Apennine populations, clonality may have been the only reproductive 
strategy for many centuries, leading to a decline in their genetic variability. The 
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genetic structure of R. ferrugineum Northern Apennine populations was analyzed to 
estimate the genetic erosion risk in response to environmental changes. At the same 
time the genetic relationship between these populations and the closest ones in the 
Maritime and Central-Eastern Alps was investigated. Such information may provide a 
better understanding of the genetic origin of the Northern Apennine populations and 
will be crucial both for evaluating their biological value and for planning the best 
conservation strategy.  
Considering the low values of genetic variation detected in the R. ferrugineum 
populations from the Alps by RAPD (Random Amplified Polymorphic DNA) (Wolf et 
al.,, 2004) and AFLP (Amplified Fragment Length Polymorphisms) studies (Pornon 
and Escaravage, 1999), our analysis focused on hyper-variable DNA regions such as 
Simple Sequence Repeats (SSRs). SSRs or microsatellites have become the genetic 
marker of choice for population genetic analysis (Gugerli et al., 2007; Reisch et al.,, 
2007; Gonzàlez-Pérez et al.,, 2009) and mapping (Lalli et al., 2008, Mantovani et al.,, 
2008) in many plant species. They are PCR-based, highly reproducible, polymorphic, 
show codominant inheritance with multi-allelic nature, and are abundant in plant 
genomes (Powell et al.,, 1996). A specific set of these markers developed by Fluch S. 
et al., (unpubl. res) was used in our study. 
 








AP1 Mt. Libro Aperto 
Northern 
Apennines 
44°11' 10°43' 2100 21 
AP2 




44°13' 10°27' 1906 10 
AP3 Mt. Nuda – Belfiore 
Northern 
Apennines 
44°17' 10°14' 1793 19 
AM1 Mt. Saccarello  Maritime Alps 44°03' 7°43' 2100 9 
AM2 
Mt. Grai – Val 
Nervia 
Maritime Alps 43°59' 7°40' 1800 11 
AM3 Colle delle Finestre  Maritime Alps 44°07' 7°21' 2125 12 
AL1 
Col Merende - 
Casera Razzo  
Alps  46°28' 12°36' 1805 16 
AL2 Campitello di Fassa  Alps  46°28' 11°44' 1860 14 
AL3 Passo Rolle  Alps  46°10' 11°50' 1950 10 
AL4 Mt. Padrio Alps 46°10' 10°13' 1858 20 
AL5 Gromo  Alps 45°57' 09°55' 1730 20 
AL6 Paglio Alps 46° 03' 09°21' 1795 19 
Table 1. Geographical information on the sampled populations. The site symbols and 
the no. of samples are also indicated.  
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Materials and methods 
Plant material and DNA analysis 
Twelve populations of R. ferrugineum and a total of 181 individuals were 
sampled. The list of selected sites, their names, geographical coordinates, elevations, 
and sample sizes are shown in Table 1. 
In the Northern Apennines R. ferrugineum grows at three different sites (Mt. 
Libro Aperto, Mt. Prado - Vecchio, Mt. Nuda - Cima Belfiore).  Only on Mt. Libro 
Aperto (AP1) one large population can be found on a north-western facing slope. On 
site AP2 (Mt. Prado - Vecchio) there is a small population on its north-facing slope, 
which is fragmented, and depressions in the slope ground. On site AP3 (Mt. Nuda - 
Cima Belfiore) Alpenrose individuals are mainly clustered in few small groups – each 
occupying less than 50 m2 – in open Vaccinium myrtillus and V. gaultherioides dwarf 
shrublands, slightly above the timberline. 
Three populations from the Maritime Alps (AM1, AM2 and AM3 – close to the 
French boarder) and six from the Central-Eastern Alps (AL1, AL2, AL3, AL4, AL5 and 
AL6 – along the Austrian and Slovenian boarder) were sampled for analysis.  
The same plant sampling strategy was used for all populations. It was 
designed to avoid collection of individuals closer than 2 metres from one another, 
thus minimizing the collection of asexually (clonal) reproduced plants. A significant 
number of individuals for each population (more than 10) were sampled. Young leaf 
samples were collected. When possible, the sampled leaves were frozen or dried 
immediately after the sampling and stored for subsequent DNA extraction.  
 
DNA extraction 
Young leaves were frozen in liquid nitrogen and ground to a fine powder with 
a mortar and pestle. Total genomic DNA was extracted and purified using the 
DNeasy™ Plant Mini Kit (Qiagen, Italy) from approximately 20 mg of dry leaves or 
100 mg of fresh leaves, according to the manufacturer’s handbook. Quality and 
quantity of the isolated DNA were determined using agarose gel and DNA previously 
quantified using the Qubit fluorimeter (Invitrogen Life Technologies, Milan, Italy). 
  
SSR analysis 
A total of 10 SSR loci were tested on a subset of R. ferrugineum samples. 
Seven of these primer combinations showed reproducible amplification products as 
well as variability in the test samples. Details of each locus (RodA, RodC, RodD, 
RodE, RodG, RodH and RodI) are described in Table 2.  
Nuclear DNA of 181 individuals corresponding to the 12 populations was 
analyzed using the 7 SSR loci. Amplification was performed with a PCR-bead Ready-
to-go Kit (Amersham- Bioscience, Italy) in a volume of 10 µl starting from 10 ng of the 
total DNA and 10 pmol of forward and reverse primers.  
Amplification reactions were multiplexed based on the annealing temperature 
(Ta) of the corresponding primer pairs: RodA was combined with Rod C at Ta 56 °C 
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while RodD was combined with RodE, RodG and RodH at Ta 49 °C. In the multiplex 
PCRs, the forward or reverse primer of each combination was labelled with 6-FAM, 
NED, VIC and PET fluorescent dyes (Applied Biosystems, UK) respectively (Table 2). 
Rod I having a Ta of 65 °C was analyzed in single amplifications.  
The PCR thermal profile was: 3 min at 94 °C, 35 cycles of 50 sec at 94 °C, 50 
sec at annealing temperature (Ta), 50 sec at 72 °C with a final extension step of 30 
min at 72 °C.  
PCR product (1 μL) was mixed with 12 μL of formamide and 0,2 μL of LIZ-500 
size standard (Applied Biosystems, UK) and then analyzed on an ABI 3130 
automated sequencer (Applied Biosystems, UK). The allele sizes for each SSR locus 
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VIC (R) 207-234 RodI 11 0.41
4 
0.822 0.249 
Table 2 SSR primer pairs used for DNA amplification. The values of the genetic 
diversity parameters are shown. Na, average number of alleles; Ho, observed 




SSR profiles were defined for each analyzed accession. The amplified SSR 
product representing different alleles was scored as different genotypes because of 
the co-dominant nature of the SSR markers. 
The genetic diversity was measured by both Nei’s index (Nei, 1973) and 
Shannon’s diversity index (Shannon and Weaver, 1949). In order to assess the 
genetic relationships among the members of the three Apennine populations as 
individual plants, a Principle Component Analysis (PCA) was performed, based on 
the SSR patterns using GenAlEx6 (Peakall and Smouse, 2006).  
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A cluster analysis of populations was made by measuring the proportion of 
shared alleles among the individuals, based on Nei’s genetic distance (Nei et al.,, 
1983). For measuring the genetic structure of the populations from which samples 
had been taken, the total amount of genetic variation detected was partitioned by 
AMOVA (Excoffier et al.,, 1992). 
Genetic parameters such as the observed average allele number (Na), the 
percentage of polymorphic loci (P%), observed heterozygosity (Ho), expected 
heterozygosity (He), Shannon’s diversity index (I), and the number of private alleles 
(PA) were calculated in order to estimate the level of genetic diversity of each locus 
and population. F-statistics were calculated for polymorphic loci both to test for the 
deviation from Hardy-Weinberg equilibrium and to estimate the genetic differentiation 
among populations (Wright, 1978). All of the calculations were performed using 
POPGENE version 3.2 (Yeh et al.,, 1999), and MSA (Dieringer and Schlötterer, 
2002). The divergence among populations was also estimated by Nei’s (1972) 
genetic distances calculated for all reciprocal pairs of populations. A dendrogram 
based on these distances was constructed using the Unweighted Pair Group Method 
with Arithmetic Averages (UPGMA). 
A hierarchical analysis of molecular variance (AMOVA) of R. ferrugineum populations 
was calculated in order to partition genetic diversity within and among regions and 
populations by GenAlEx6 (Peakall and Smouse, 2006). The gene flow (number of 
migrants per generation) among regions was estimated indirectly from Fst as Nm = 
0.25(1/Fst-1) (Wright, 1951). 
 
Results 
Genetic variability in the sampled populations of R. ferrugineum.   
All selected SSR loci were polymorphic (Table 2), revealing a total of 86 
different alleles in 181 individuals from 12 different populations, with an average of 
12.3 alleles for each locus. A total of 23 private alleles were detected (about 12.5%). 
Table 2 summarizes the results at each SSR locus showing the range of allele size 
(bp) and the number of alleles (Na). All the loci studied are highly polymorphic: the 
number of detected alleles per locus across all the populations ranges from 7 (locus 
RodC) to 20 (locus RodD) (Table 2). A high genetic diversity, as measured by Nei’s 
index of expected heterozygosity (He), was found (Table 2). The average He shows a 
more restricted range, with values ranging from 0.610 (locus RodG) to 0.838 (locus 
RodD). These results prove the usefulness of the seven selected SSR markers for 
the study of the genetic variability of R. ferrugineum natural populations.  
The Hardy-Weinberg equilibrium status was investigated for all the loci by testing 
the deviation of Fis from zero under the null hypothesis. Deviations from Hardy-
Weinberg equilibrium were associated with Fis positive values in all the tested 
SSR loci with the exception of RodA which showed negative Fis value.  
The mean Shannon’s diversity index value was 0.94 (Table 3). The three 
Apennine populations (AP1, AP2 and AP3) showed the lowest values in genetics 
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diversity (I values ranged from 0.57 to 0.74), while the populations from the Maritime 
Alps showed a very high Shannon’s diversity index (Table 3). The mean value of 
observed heterozygosity (Ho) in the analyzed samples was 0.42. Heterozygosity 
deficiency was detected in all the analyzed populations; however AP1 and AP3 
showed the lowest Ho values (0.18 and 0.13, respectively). In accordance with the 
detected heterozygosity deficiency, significant high values of Fis coefficients were 
found in AP1 (0.47) and AP3 (0.70) populations.  
 
Site Na P% I Ho He Fis PA 
AP1 2.34 71.43 0.57 (0.47) 0.18 (0,23) 0.34(0.27) 0.47 1 
AP2 2.50 100.00 0.59 (0.19) 0.33 (0.21) 0.35(0.14) 0.06 2 
AP3 3.20 85.71 0.74 (0.43) 0.13 (0.14) 0.42(0.23) 0.70 2 
AM1 5.00 85.71 1.22 (0.69) 0.44 (0.29) 0.62(0.32) 0.30 4 
AM2 5.33 100.00 1.35 (0.48) 0.34 (0.19) 0.68(0.18) 0.51 5 
AM3 4.78 100.00 1.29 (0.41) 0.40 (0.12) 0.67(0.15) 0.41 3 
AL1 3.31 100.00 0.92 (0.29) 0.48 (0.22) 0.53(0.16) 0.09 1 
AL2 3.94 100.00 1.02 (0.43) 0.45 (0.21) 0.54(0.23) 0.17 1 
AL3 3.21 85.71 0.86 (0.45) 0.47 (0.28) 0.50(0.26) 0.07 0 
AL4 3.40 100.00 0.92 (0.31) 0.38 (0.27) 0.51(0.18) 0.27 1 
AL5 3.14 100.00 0.89 (0.27) 0.39 (0.31) 0.52(0.14) 0.25 0 
AL6 3.21 100.00 0.88 (0.24) 0.38 (0.29) 0.51(0.16) 0.27 3 
Table 3: Genetic diversity of the 12 populations of Rhododendron ferrugineum L. from 
Apennines (AP), Maritime Alps (AM) and Central-Eastern Alps (AL), based on polymorphisms 
of the 7 SSR loci. Standard deviations in brackets. Na, average number of alleles; P, 
percentage of polymorphic loci; I, Shannon diversity index; Ho, observed heterozygosity; He, 
expected heterozygosity; Fis, coefficient of inbreeding and PA, private allele. Site symbols as 
in Table 1. 
 
Genetic relationships among populations 
The clustering of the 12 populations based on Nei’s genetic distance (Nei et 
al., 1983) is shown in Figure 2. According to their geographical distribution, 
populations from the Central-East Alps (AL1, AL 2, AL 3, AL 4, AL5 and AL 6) and 
the three populations from the Maritime Alps (AM1, AM2 and AM3) cluster together in 
2 separate groups. The three Apennine populations (AP1, AP2, AP3) do not cluster 
together. The AP1 population is clustering close to the populations from the Maritime 
Alps, while the other two Apennine samples show a clear genetic distance from the 
alpine populations.  
The total amount of genetic variations was partitioned by AMOVA into components, 
which well agree with geographic regions as well as among populations within 
regions. Northern Apennines, Maritime Alps and Central-Eastern Alps contain 
populations which are clearly characterized by different genetic structures. Table 4 
shows that the within-population variation accounts for 51 % of the total variance. 
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About 27 % (P ≤ 0.010) of genetic variation is the result of differences among inner 
populations versus 22 % among populations from different regions (P ≤ 0.010). 
 
Source of variation df SS MS % Tot Est. Var. P 
Among Regionsa 2 288.920 144.460 22 % 1.935 0.010 
Among Populations  9 366.772 40.752 27 % 2.417 0.010 
Within Pops 169 765.976 4.532 51 % 4.532 0.010 
d.f., degrees of freedom; SS, sum of squares; MS, mean squared deviations; P, the 
significance of the variance components after 999 random permutations. aRegions: 
Northern Apennines, Maritime Alps and Central Eastern Alps. 
Table 4: Analysis of molecular variance (AMOVA) based on the 7 SSR loci of 181 
Rhododendron ferrugineum individuals collected from three different geographical 
regions:  Northern Apennines, Maritime Alps and Central Eastern Alps. A high 
proportion of variations is “within population”. All values are considered highly 
significant (P ≤ 0.010).  
Both the estimated Nm values among the three geographical regions (Table 
5) and the presence of a high number of private alleles (Table 3) indicate reduced 
gene flow among the analyzed geographic regions. The only exceptions are the 
largest Northern Apennine population (AP1) and the populations from the Maritime 
Alps. The AP1 population shows values of Nm of 1.286; 1.735, 1.304 for the AM1, 
AM2 and AM3, respectively (data not shown).  
 
MC 1 MC 2 Sample - MC1 Sample - MC2 Fst  Nm 
AP AM 50 32 0.054 4.386 
AP AL 50 99 0.131 1.657 
AM AL 32 99 0.173 1.197 
AP1 AP2 21 10 0.449 0.307 
AP1 AP3 21 19 0.419 0.347 
AP2 AP3 19 10 0.318 0.537 
Table 5. Number of individual migrants per mountain chain and per Apennine 
population (Nm) based on Fst. Codes for the populations as in Tables 1. MC: 
Mountain chain; AP: Northern Apennine, AM: Maritime Alps, AL: Central Eastern 
Alps.  
Genetic structure in the Northern Apennine populations 
Results of PCA ordination are shown in Fig.3. The first two main components 
(Axis 1 and Axis 2) in PCA explain 49 % and 25 % of the variation, respectively. 
There is an apparent separation of the three Apennine populations with a clear 
genetic structure at each site. These results are in agreement with the high Fst 
values registered among these populations (Table 5). They indicate a high level of 
differentiation and a low gene flow (Nm = 0.347; 0.307; 0.537).  
The PCA results suggest several cases of clonal propagation events in the 
Apennine populations. As for AP1 samples, the individuals o and t, i and l, p and v, b, 
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q and u showed the same SSR profiles (data not shown). The same situation was 




The protection of viable populations is a major goal of conservation biology, 
and the loss of genetic diversity is thought to potentially lead to a decrease in the 
ability of a species to survive environmental changes and demographic fluctuations 
(Ellstrand and Elam, 1993; Milligan et al.,, 1994). Our results suggest that in the 
analyzed Apennine R ferrugineum populations, the clonal propagation and inbreeding 
events induced a decrease in genetic variability and, consequently, a genetic drift. As 
described by Escaravage et al., (1998) and Pornon et al., (2000) this species tends to 
adopt a clonal phalanx growth. The balance between sexual and asexual 
reproduction is not easy to elucidate (Escaravage et al.,, 1998); our analyses, 
however, suggest that the Alpine populations showed consistent intrapopulation 
genetic variability and heterozygosity. One previous work (Wolf et al.,, 2004) showed 
that R. ferrugineum usually adopts clonal propagation within a small spatial scale but 
the genetic diversity in a population is maintained by sexual reproduction and seed 
diffusion. 
In small-sized populations, characterized by individuals with few buds and 
flowers, outcrossing is clearly reduced, whereas both self-pollination and clonal 
phalanx growth strategy increase. In the Northern Apennine populations, our 
molecular results confirm the prevailing self-pollination and clonal propagation, with 
very low heterozygosity values in all three populations studied, which register 
scattered growth patterns. In addition, both the isolation of the three populations from 
one another and the short flowering season (from mid June to early July) prevent 
gene flow among different sites (Kudo, 1993). As this situation characterizes all the 
three Apennine sites, we suggest that the vulnerability of these Alpenrose 
populations is not related to the size of their geographical range, but to the availability 
and decline of their habitats, and therefore to the genetic effects of the pseudo-rarity 
condition.  
The potential ecological impact of the ongoing climate change has been much 
discussed in recent years (Theurillat and Guisan, 2001). Mountain ecosystems in 
high elevations were identified early on as potentially very sensitive areas. Many 
species may suffer a severe reduction in the area of their preferred habitats, which 
may in turn affect biodiversity patterns (e.g. Ozenda and Borel, 1995; Theurillat and 
Guisan, 2001). Such problems seem to be crucial for the species conservation in 
their peripheral areas, where species rarity corresponds to rarity of available habitats. 
This is not the case of R. ferrugineum on the Alps, where habitats characterized by a 
long-lasting and thick snow cover are still widely available. Several studies on Alpine 
populations confirm our results and suggest that different Alpine populations attain 
high genetic diversity through different mechanisms: microsite heterogeneity, which 
promotes the coexistence of clones through diversifying selection (Ellstrand and 
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Roose, 1987), occasional seedling recruitment (Soane and Watkinson, 1979), and 
symmetric competition among clones (Hartnett and Bazzaz, 1985).  
In the near future, it is likely that climatic changes will induce a further decline 
of the R. ferrugineum habitats on the Northern Apennines, with an increasing 
vulnerability of its populations. A less lasting snow cover will support denser 
Vaccinium gaultherioides and Vaccinium myrtillus populations, significantly reducing 
favourable sites for R. ferrugineum seed germination (Bianco and Boulard, 1974; 
Ferrari and Piccoli, 1997). 
The question of how important such populations are for the gene diversity 
conservation of species is linked to the genetic relationship among these peripheral 
populations and the ones which correspond to the species distribution core. Such an 
analysis was performed for Pinus sylvestris only (Labra et al.,, 2006). The 
relationship between the genetic structure of the Northern Apennine populations and 
Alpine ones showed that these populations had a common origin but, mainly as a 
result of geographic isolation and small-size population, Northern Apennine 
populations have a lower genetic variability than the Alpine ones. The genetic 
diversity observed in the Northern Apennine populations and their comparison with 
the ones from the Maritime and Central-Eastern Alps confirm that a population’s 
genetic diversity is mainly correlated with population size (Reisch et al.,, 2003). To 
this, it is necessary to add the genetic effects of clonality. Putatively, the Apennine 
populations of R. ferrugineum derive from a Pleistocene expansion of this species 
from the Maritime Alps: our results provide some suggestions on this matter. It is very 
likely that the genotypic structure in Apennine populations was established by 
seedling recruitments only at an early colonizing stage (Pornon and Escaravage, 
1999), while present populations are relicts of wider clones.  
Our results show that only the largest Apennine population (Mt. Libro Aperto; 
AP1) has a genetic diversity comparable to the diversity of large-sized populations 
from the Maritime Alps. The other two Apennine populations, which are very small, 
are clearly genetically distant from the populations in the Alps, even with a different 
genetic structure at each site: a fact which can be explained by the reduction in gene 
flow and genetic drift.  
For conservation purposes, the main conclusion that can be drawn from our 
results is that Northern Apennine populations show rare genotypes. As they are small 
and isolated from one another, they are highly vulnerable. The first aim of a 
conservation strategy should be a germplasm bank for the Apennine populations. An 
ex situ conservation of the Northern Apennine populations may be envisaged, using a 
strategy similar to that of the well-known Millennium Seed Bank Project (MSBP), an 
international conservation project coordinated by the Royal Botanic Gardens, Kew 
(see e.g. Linington, 2000; Guerrant et al.,, 2004). Such a project might usefully apply 
not only to the Apennine Alpenrose but also to the Northern Apennine species 
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Figure 1 - Sample sites of R. ferrugineum L. in Italy. The satellite image shows – 
from north to south – the Central Eastern Alps, Maritime Alps, and Northern 
Apennines. Abbreviations and geographical information on each population are listed 
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Figure 2 - Classification dendrogram (UPGMA) based on polymorphisms of 7 SSR 
loci in the 12 R. ferrugineum populations, using Nei’s unbiased genetic distance 
coefficients. Population codes as in Table 1 and Table 3. 
 
 
Figure 3 - Scattergram of the three Northern Apennine populations of R. 
ferrugineum. The ordination method is PCA. Coord. 1= 48,64% Coord. 2= 24,68%.  
♦AP1 (Mt. Libro Aperto) ▲AP2 (Mt. Prado – Vecchio) ●AP3 (Mt. Nuda – Cima 
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Picea abies (Norway spruce) belongs to the family Pinaceae L. and order Pinales. 
Spruces are evergreen trees with horizontal branches and pendulous branchlets. 
They are 40–50 m tall with diameters up to 150 cm and conic crown shape. Early 
growth of Norway spruce is slow, increasing to maximal rates from 20 to 60 years of 
age. Within its native range Norway spruce remains healthy up to 200 years and lives 
up to 300 to 400 years at the northern limits of its range.  
Natural populations of Norway spruce are found from northern and western 
Europe outside permafrost areas down south to northern Greece, westwards to the 
Massif Central (France) and east to the Ural Mountains. Picea abies is only growing 
in mountains above 400–500 m and ascends close to 2000 m in the Alps. In Austria, 
Norway spruce is widely distributed. The Alps, mountains of the Bohemian massif 
[Mühlviertel (Upper Austria) and Waldviertel (Lower Austria)], and higher elevations of 
the alpine foreland (Hausruck, Kobernauerwald) are naturally covered by Norway 
spruce. The eastern natural limits are defined by a connection line starting from the 
cities of St. Pölten over Wiener Neustadt to Graz and then south along the eastern 
slope of the Koralpe. 
Studies on genetic variation based on allozymes (Bergmann & Ruetz 1991; 
Lagercrantz & Ryman 1990) have shown that, over the whole range of Picea abies, 
genetic differentiation among populations is low. Previous studies of the genetic 
structure of P. abies showed pronounced differentiation between a north-east boreal 
distribution and disjunct areas in the central European mountains (Acher et al., 2005) 
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supporting the hypothesis of two distinct main glacial refugia postulated from pollen 
data (Tollefsrud et al., 2008). 
The limited sampling of Norway spruce from the eastern Alps in a previous study 
on mitochondrial tandem repeats (Gugerli et al., 2001; Scotti et al., 2008), however, 
did not allow more detailed inferences about the genetic structure of populations in 
the eastern Alps. In an earlier study on P. abies in Austria based on isozyme allele 
frequencies Geburek (1999) found an increase in genetic variation towards the east. 
Informative, multi-allelic markers, such as SSRs, are, however, especially 
desirable (Kirst et al., 2004) in conifers. Initial reports on the occurrence of 
microsatellites in Radiata pine (Smith & Devey 1994), Scots pine (Kostia et al., 1995) 
or Norway spruce (Pfeiffer et al., 1997) have shown that several DNA fragments in 
addition to the expected ones are frequently amplified when using primers flanking 
microsatellite regions. This can be attributed to the very large size of the conifer 
genomes, with Norway spruce having 18.300 Mb in the diploid genome of 2n=24. 
Additionally the high proportion of repetitive DNA in the conifer genomes is thought to 
cause problems when isolating or amplifying SSR regions. These repetitive elements 
and pseudogenes frequently produce complex amplification products from multiple 
loci that are difficult to score (Echt et al., 1996; Scotti et al., 1998; Soranzo et al., 
1998). To overcome this problem, Scotti et al., (2000) isolated SSRs from cDNA 
libraries of conifer species. They have investigated the usefulness of the molecular 
marker obtained for their ability to determine paternity in a Norway spruce breeding 
programme. 
SSR markers so far have been used in population genetic analysis of Norway 
spruce (Geburek et al., 1998b) as well as in testing of clonal variation of in vitro 
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Abstract 
We report on the characterization and use of 29 SSR markers for Picea abies L. 
(Norway spruce), an alpine forest tree species. These markers were obtained 
screening public as well as private EST collections for SSR motifs. All together, 
15.178 sequences were analyzed to generate a non redundant fragment collection 
which subsequently was screened for the presence of microsatellite motifs. 92 SSR 
containing ‘unigenes’ were derived from 36 clusters and 56 singletons. In this 
unigene set, 48 different repeat motifs were identified. 29 of the 60 designed primers 
revealed variable fragments in the chosen test set of 96 individuals. 25 of the loci 
revealed two alleles per locus per individual, whereas 4 of the loci produced up to 
four bands. The 29 variable primer pairs revealed 3–16 alleles per locus, 116 alleles 
in the 112 individuals tested so far.  
Due to their moderate to high degree of variability, these newly developed SSR 
markers are well suited for the analysis of genetic variation present in the Alpine 
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Natural populations of Picea abies (Norway spruce) are found from northwestern 
Europe outside permafrost areas down to northern Greece, westwards to the Massif 
Central (France) and east to the Ural Mountains. Picea abies is only growing above 
400–500 m and ascends close to 2000 m in the Alps. Studies on genetic variation 
based on allozymes have shown that Picea abies genetic differentiation among 
populations is low over its whole distribution range (Lagercrantz and Ryman 1990; 
Bergmann and Ruetz 1991). Previous studies on the genetic structure of P. abies 
showed pronounced differentiation between a north-east boreal origin as compared 
to areas in the central European mountains (Vendramin et al., 2000; Sperisen et al., 
2001), supporting the hypothesis of two distinct main glacial refugia as postulated 
from pollen data (Huntley B. and Birks H.J.B., 1983). 
Initial reports on the occurrence of microsatellites in conifers such as Radiata pine 
(Smith and Devey 1994), Scots pine (Kostia et al., 1995) or Norway spruce (Pfeiffer 
et al., 1997) have shown that marker development for such complex genomes is 
difficult. Frequently several DNA fragments in addition to the expected ones are 
amplified when using primers flanking microsatellite regions. This can be attributed to 
the very large size of the conifer genomes, with Norway spruce having 18.300 Mb in 
the diploid genome of 2n=24 as well as the high proportion of repetitive DNA in the 
conifer genomes (Dhillon 1987). These repetitive elements as well as pseudogenes 
frequently produce complex amplification products from multiple loci (Echt et al., 
1996; Soranzo et al., 1998). To overcome this problem, Scotti et al., (2000) isolated 
10 di-nucleotide SSRs from cDNA libraries of conifer species relying on the fact that 
expressed genes are less likely to be of repetitive nature in the genome.  
Following this line of exploiting the advantages of expressed sequences as sources 
for marker development (Varshney et al., 2002) as described also by Ritland et al., 
(2007) for conifers, 15,178 Norway spruce EST sequences were used for in silico 
filtering of SSR regions which could serve for marker development. The screening 
using the software SciRoKo (Kofler et al., 2007) revealed 158 sequences containing 
various repeat motifs. Clustering of these sequences produced 92 SSR containing 
‘unigenes’ which fell into 36 clusters and 56 singletons. In these 92 unigenes, 48 
different repeat motifs were identified, with tri-nucleotide repeats being the most 
abundant repeat type (50%) with (CGG)n and (CAA)n being the most abundant, 
followed by penta- (23%) and hexanucleotide repeats (10,4%). Di- and 
tetranucleotide repeats being the least abundant with 8,3% each. The high 
abundance of trinucleotide repeats can be explained by the fact, that sequence 
variation by 3 bp between alleles doesn’t lead to a frame shift in the reading frame of 
the respective gene whereas di- or tetranucleotide variations lead to a distortion in 
reading frame and thus possibly to the abortion of the coded protein. 
 Out of the 92 EST fragments 59 were chosen randomly from each category for 
primer planning and PCR testing on a set of 16 Norway spruce individuals from all 
over Austria. Out of this primer set, 16 (27%) primer pairs gave no or bad 
amplification, 14 (23%) were generating a monomorphic banding pattern in the used 
test set of individuals, and 29 (49%) of the loci proved to be polymorphic. Six of these 
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variable loci generated 3–4 bands per PCR amplification, thus targeting two loci in 
the genome. Most of the variable loci were identified for trinucleotide repeats (65%) 
where the conversion rate from the unigene sequence to variable banding pattern 
was 68%. The tetra- (2) and pentanucleotide repeats (3) represented a conversion 
rate close to 90%, revealing 2 variable loci each. Dinucleotide repeats contributed 
only 8% to the total set of variable regions, also having a conversion rate of 100%. 
For the hexanucleotide repeats, no primers could be planned.  
To further test the applicability of the newly generated EST-SSR markers, a test set 
of additional 96 individuals from 2 distinct Norway spruce populations (Gusswerk, 
Mayerhofen; 48 individuals each) were tested using Pa_28 variable SSR regions, 4 of 
them showing more than 2 alleles per locus (see table 1). The 24 ‘normal’ loci 
revealed 2–16 alleles per locus and a total of 146 alleles in the 96 individuals from 
the 2 populations. This moderate to high degree of variability of the selected loci 
allowed population genetic analysis of the genetic diversity of the 2 Austrian Norway 
spruce populations using PopGene 1.31 (http://www.ualberta.ca/~fyeh/; Francis C. 
Yeh;). Population genetic analysis showed a somewhat enhanced heterozygosity in 
the investigated populations as compared to expected heterozygosity values (table 
2), showing that populations are in Hardy Weinberg equilibrium. It also could be 
observed, as described previously for Norway spruce, that within-population diversity 
is higher than between-population diversity.  
 
Table2 Analysis of the quality and information content of the 24 newly described SSR loci 
Marker N k i Ho He PIC f 
NS_EST_SSR_28 95 8 15 0,621 0,745 0,712 0,172 
NS_EST_SSR_47 96 3 3 0,521 0,414 0,370 -0,254 
NS_EST_SSR_52 96 5 6 0,948 0,537 0,432 -0,762 
NS_EST_SSR_51 96 4 4 0,365 0,305 0,270 -0,190 
NS_EST_SSR_50 93 4 5 0,226 0,221 0,205 -0,015 
NS_EST_SSR_49 96 2 2 0,990 0,500 0,375 -0,979 
NS_EST_SSR_43 93 4 4 0,129 0,141 0,135 0,092 
NS_EST_SSR_42 95 5 6 0,126 0,157 0,150 0,201 
NS_EST_SSR_41 93 5 8 0,258 0,333 0,301 0,231 
NS_EST_SSR_53 96 2 2 0,010 0,010 0,010 0,000 
NS_EST_SSR_57 95 1 1 0,000 0,000 0,000 n. def. 
NS_EST_SSR_59 96 3 4 0,094 0,110 0,106 0,149 
NS_EST_SSR_29 95 5 7 0,568 0,442 0,369 -0,281 
NS_EST_SSR_36 95 5 5 0,158 0,149 0,144 -0,057 
NS_EST_SSR_55 96 3 3 0,927 0,502 0,381 -0,845 
NS_EST_SSR_44 96 7 9 0,188 0,263 0,253 0,293 
NS_EST_SSR_33 95 9 12 0,968 0,611 0,536 -0,581 
NS_EST_SSR_60 96 5 5 0,594 0,444 0,377 -0,332 
NS_EST_SSR_25 94 8 7 0,074 0,241 0,231 0,694 
NS_EST_SSR_22 82 6 7 0,683 0,504 0,419 -0,350 
NS_EST_SSR_12 84 2 2 0,976 0,500 0,375 -0,953 
NS_EST_SSR_5 87 7 7 0,609 0,446 0,378 -0,361 
NS_EST_SSR_48 94 17 27 0,713 0,757 0,722 0,064 
NS_EST_SSR_56 96 6 11 0,740 0,715 0,670 -0,029 
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N Number of samples    
k Number of alleles    
i Number of genotypes    
Ho Observed Heterozygosity    
He Expected Heterozygosity    
PIC Primer Information Content    
f Inbreeding coefficient    
 
Table3 population genetic data for the 2 populations at Gusswerk (pop1) and Mayerhofen 
(pop2) as revealed by 24 SSR loci. Values generated using PopGene v 1.31 
 










Pop1 Mean 93 0.5580 0.4420 0.6484 0.3516 0.3478 0.3717 
 St. Dev   0.3509 0.3509 0.2407 0.2407 0.2381 0.2192 
Pop2 Mean 92 0.4840 0.5160 0.6000 0.4000 0.3956 0.3717 
 St. Dev   0.3597 0.3597 0.2203 0.2203 0.2179 0.2192 
Total Mean 186 0.5224 0.4776 0.6208 0.3792 0.3772 0.3717 
 St. Dev   0.3425 0.3425 0.2211 0.2211 0.2199 0.2192 
*  Expected homozygosity and heterozygosity were computed using Levene (1949) 
** Nei's (1973) expected heterozygosity 
 
Comparing allelic frequency within the two investigated populations, for 7 loci out of 
the 24 biallelic loci, ‘private alleles’ could be observed, being present in one 
population, but not in the other (fig1). Blast results for the SSR containing sequences 
revealed functional annotations for 14 sequences. Annotations were produced with 
the EST2Uni pipeline (Forment et al 2008) using BLASTX against three databases, 
NCBI NR, Arabidopsis TAIR7 and Swissprot/Uniprot. Region 28, being a putative 
defensin gene, reveals private alleles in the population of Gusswerk. This allele, 
which is not present in the other investigated population might have adaptation 
potential by conferring microbial resistance. In general, variation in the coding region 
could go along with functional diversity in these genes, thus influencing the 
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Figure 1: Allelic frequencies as revealed by SSR analysis investigating 96 Norway spruce 
individuals from the populations Gusswerk (G) and Mayerhofen (M) (48 each). Always 2 
columns represent one locus, one for G, the other for M. colours represent the relative 
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Pa_5 GT887224 AGGTGGATATGTTCATCAAC CGCATACTCATCCCTAAC (CCG)n 7 8 136-158 no homology
Pa_12 AM171475/AM170164 GACCGAGAACCCTTGTT CAAAAGCAGGAAAGAAGAAC (AAG)n 6 2 136-138 brassinosteroid signalling positive regulator-related AT4G18890.1 5.0e-12
Pa_16 ES226936 GCCACCAGTCCTACAGC ACCCCTCTTTCTCTTACCAG (AT)n 12 7* 121-159
leucine-rich repeat transmembrane protein kinase, putative 
[Arabidopsis thaliana] receptor protein kinase-like protein 
[Arabidopsis thaliana] gi|15240263|ref|NP_200956.1| 3.0e-27
Pa_22 GT886979 TCACTGGCCACAGTTTATCG ATGAGGCCCAAGAGGAAGAC (TTC)n 10 6 169-188 no homology
Pa_24 GT887224 TCATCAACCAATTCGGAAGC ATCGCGCATACTCATCCCTA (CCG)n 7 4* 137-149 no homology
Pa_25 GT887533 TGATTGAAATGATGGCTGCT CATGTACGGTGCTCCTCCTC (CTG)n 19 8 131-165 no homology
Pa_28 GT887962 GGCCGAAAGTGCTACTGCTA TGCTCCAGAAGAACACTCACA (TCG)n 7 8 148-162 defensin gi|134141945|gb|ABO61348.1| 1.0e-31
Pa_29 GT884785 ACAACAGCAACAGCAGCAAC CGGGCTGAAGAATTTGTTGT (CAA)n 16 4 97-108 heterogeneous nuclear ribonucleoprotein A2/B1-like gi|115438550|ref|NP_001043567.1| 6.0e-23
Pa_33 GT884592 GGTCGAGGAGGAGGAGGTAG CACCGCTAGTGCAGTCTCTG (CGG)n 17 8 91-104 putative glycine-rich protein [Picea glauca] gi|76577745|gb|ABA54143.1|
Pa_34 GT885056 AGTGGACAAGGCCACATAGG AATTGCTCGCCGTAGTTGTT (CAA)n 31 5* 123-145 no homology gi|4704605|gb|AAD28176.1|AF109917_1 4.0e-38
Pa_36 GT887107 CGGCAGGAACATCACTGTTA ACCGTAACCTCCCCTACCAC (CGG)n 20 4 178-200 glycine-rich RNA-binding protein [Picea glauca]
Pa_40 AM169587 GCTCCGATGGGTGGTAACTA GGAGCCACATAAGCACCAGT (TGG)n 20 7* 160-183 no homology
Pa_41 AM169657 CGAAGAAGAAAGCGAGGATG CAGGCTGCGAGAATCCTCTA (CTG)n 9 5 176-183 no homology
Pa_42 AM169827 CAATGCAATGGCCTCCTATC TAGACAGCAGCACGTCTCGT (CCG)n 15 5 160-163 cysteine protease Cp5 [Actinidia deliciosa] gi|146216002|gb|ABQ10203.1| 9.0e-36
Pa_43 AM169948 AACCAGCCGGAGTCTGTAAA TGCTTCTGTCTGACCAGGTG (GAA)n 7 4 168-175
zinc finger (C2H2 type) protein (WIP2) [Arabidopsis thaliana] 
WIP2 protein [Arabidopsis thaliana] zinc finger-like protein 
[Arabidopsis thaliana] At3g57670 [Arabidopsis thaliana] gi|15230370|ref|NP_191326.1| 3.0e-19
Pa_44 AM171132 AAGGCAGCCAAAGTGAAGAA CTTGGCATTCCCTAGTGAGC (GGA)n 9 7 274-293 hypothetical protein gi|55733882|gb|AAV59389.1| 3.0e-17
Pa_47 AM172144 ATCAATTGCCCTACCAGCAC TGCTCAATTTCCTGCATCTG (CAG)n 19 3 106-118
HAP5B (Heme activator protein (yeast) homolog 5B); DNA 
binding / transcription factor [Arabidopsis thaliana] HAP5B (Heme 
activator protein (yeast) homolog 5B) [Arabidopsis thaliana] 
Nuclear transcription factor Y subunit C-2 (AtNF-YC-2) 
(Transcriptional activator HAP5B) transcription factor, putative 
[Arabidopsis thaliana] putative transcription factor [Arabidopsis 
thaliana] gi|15223482|ref|NP_176013.1| 1.0e-34
Pa_48 AM172164 ATTGCACAAGAGCGAACCTT CCAGCACCAAAATCACCAG (CGG)n 32 16 131-195 no homology no homology
Pa_49 AM173566 GAAAGGCGAAAGCAAAACTG CCGTGTTTTTGAGGGAAGAA (ATG)n 14 2 117,128 no homology
Pa_50 AM174647 CCTCTCAGCCAAATGCAAAT GTCTCCGCAGAGCCATTACT (CAG)n 8 4 124-129 R2R3-MYB transcription factor MYB1 [Picea glauca] gi|147744702|gb|ABQ51217.1| 5.0e-47
Pa_51 AM175215 CAGATGTGGGCACTTGTTTG TGGTCATGGTGGTGTTCAT (CCA)n 19 4 119-140
HMA4 (Heavy metal ATPase 4); cadmium-transporting ATPase 
[Arabidopsis thaliana] Putative cadmium/zinc-transporting 
ATPase 2 putative cadmium-transporting ATPase [Arabidopsis 
thaliana] putative heavy metal transporter [Arabidopsis thaliana] 
At2g19110/T20K24.12 [Arabidopsis thaliana] putative heavy 
metal transporter [Arabidopsis thaliana] gi|15224717|ref|NP_179501.1| 5.0e-25
Pa_52 AM175251 GTAGTGTCACCGGCTCCTTT CTGGAGGATGATGGTGGTG (CCA)n 14 5 135-145 no homology
Pa_53 ES290836 CCCAATGAAGATCTCGATGC GGCTTTGCAGGAAACAAGAA (TCG)n 6 2 176-178 hypothetical protein
Pa_55 GT887161 TGAGCAACCAGAAAATCACG TCTCAACCCCTTTGTTTTCG (GAA)n 13 3 148-158 no homology
Pa_56 GT884695 ATCGTCTGCATTGCATTCAC CTTCGTTCCTTCCTGATCCA (AGGTG)n 6 6 113-128
FED A (FERREDOXIN 2); electron carrier/ iron ion binding [Arabidopsis 
thaliana] Ferredoxin-1, chloroplast precursor At1g60950 [Arabidopsis 
thaliana] putative ferrodoxin precursor protein [Arabidopsis thaliana] 
ferrodoxin precursor; 39650-40096 [Arabidopsis thaliana] putative 
ferrodoxin precursor protein [Arabidopsis thaliana] ferredoxin precursor 
[Arabidopsis thaliana] ferrodoxin A ferrodoxin precursor [Arabidopsis 
thaliana] ferrodoxin precursor [Arabidopsis thaliana] ferrodoxin precursor 
[Arabidopsis thaliana] gi|15219837|ref|NP_176291.1| 1.0e-39
Pa_57 GT885232 TAGAGCAGGGATTGGGTTTG AACAACAGAGGCCATTACGG (CAGGC)n 7 1 117 no homology
Pa_59 AM169794 TAGACCACGTTGTGCTGAAA GCGACCTTTCGCAATTAAAC (CTCTG)n 5 3 90-112 no homology
Pa_60 GT885001 CGCCGTATCCATTCCCAAGC CCCAGCCCAGTTCAGTTTGC (GGCTG)n 8 5 241-264
protease inhibitor/seed storage/lipid transfer protein (LTP) family 
protein [Arabidopsis thaliana] protease inhibitor/seed storage/lipid 
transfer protein (LTP) family protein [Arabidopsis thaliana] 
putative gi|15232384|ref|NP_190966.1| 8.0e-27
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Abstract Uniparentally inherited chloroplast simple sequence repeats (cpSSRs), 
mitochondrial markers (mt), as well as biparentally inherited nuclearsimple sequence 
repeats (SSRs) were used to analyse genetic diversity in different subpopulations of 
Norway spruce in Austria. For that purpose Norway spruce individuals of different age 
classes, old (70–100 years) versus young (6–10 years) trees, were fingerprinted to 
elucidate the geneticeffects caused by human management. Three populations from 
different elevations were selected in a restricted area. Four hundred and 
fiftyindividuals, 50 old and 100 young trees from each population, were analysed for 
this study.Seven paternally inherited cpSSRs revealed no variation within and among 
populations. In contrast, analysis of three maternal mitochondrialmarkers showed 
variation in one locus in individuals originating from the high elevation sample set. 
Analysis of five polymorphic nuclear SSR loci revealed 135 different alleles. Nuclear 
SSRs results showed that there is generally more genetic variation and 
heterozygosity within populationsthan among populations. Populations from high 
elevation exhibit more genetic variation 
than samples from middle and low 
elevations.   
 
1. Introduction  
 
Norway spruce is widely distributed throughout the temperate zone of Scandinavia 
and northern Europe. It is one of the economically most important tree species used 
for the production of pulp and timber (Koski et al., 1997). Genetic diversity is the 
basis for adaptability, stability and evolution of species and forest tree populations 
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thought to bemore sensitive to environmental changes or disease, leading to a 
decrease in productivity (Oleksyn et al., 1994), although several other studies provide 
contradictory results (e.g. Chen et al., 2001; Vargas et al., 2002). Forest 
management based on partial or total cutting followed by natural or artificial 
regeneration can significantly impact the genetic diversity and population genetic 
structure of forest populations (Rajora, 1999; Rajora et al., 2000). In order to 
determine genetic variation, different methods are available. Morphological markers 
(Langner, 1953), isoenzymes (Bartels, 1971; Morgante and Vendramin, 1991; 
Krutovskii and Bergmann, 1995; Müller-Starck, 1995; Geburek, 1999) or random 
amplified polymorphic DNAs (RAPDs) (Collignon and Favre, 2000) have been used 
to assess the population genetic structure and gene dispersal. More recently, nuclear 
sequence-tagged sites (STS; Scotti et al., 2000), cpDNA microsatellites (Vendramin 
et al., 2000), or mtDNA microsatellites (Gugerli et al., 2001; Sperisen et al., 2001) 
have been employed. Among all available markers, nuclear simple sequence repeats 
(SSRs or microsatellites) are a widely used class of genetic markers for population 
studies and genetic diversity assessment (for review see: Tautz and Schlo¨tterer, 
1994; Fossati et al., 2003). But also this marker system has its benefits and 
restrictions due to its biparental mode of inheritance. Organellar DNA, being 
uniparentally inherited, offers a good alternative to this. Plant mitochondrial DNA is 
almost exclusively maternally inherited allowing the investigation of seed dispersal.  
Chloroplast DNA (cpDNA) is paternally inherited in gymnosperms, thus being a good 
tool for monitoring pollen migration (Birky, 1995; Neale and Sederoff, 1989; 
Vendramin and Ziegenhagen, 1997; Vendramin et al., 2000). The combination of 
three marker systems investigating different parts of the available plant genomes (mt, 
cp, nt) appears as an appropriate way to determine the genetic status of the 
investigated individuals as they highlight different aspects of genetic diversity. The 
present study was carried out to assess genetic diversity in subpopulations of Norway 
spruce accessions from Kalwang (Austria), sampled at different elevations and age 
classes. The goal was to monitor the impact of human forestry management with 
respect to existing local genetic diversity on the resulting genetic profile along a 
centre timescale. We got data on the genetic generation structure of subpopulations 
of old trees as putative progenitors of naturally regenerated seedling patches. Natural 
regeneration is a common reforestation practice in Austria.  
 
2. Materials and methods 
 
2.1. Plant material and DNA isolation 
 
The material for this study originated from the Kalwang area 80 km northeast of Graz 
(Austria). Plant material was taken at three different elevations to investigate the 
influence of altitude, as it was expected that populations from higher elevations in this 
area might be autochthonous, whereas those from lower elevations might have been 
replanted during the last 100–150 years (personal communication—Forstverwaltung 
Liechtenstein/ LIECO). Three populations were sampled: population A from low 
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elevation (960 m), population B from middle elevation (1260 m), and population C 
from high elevation (1520 m). Population C is most probably autochthonous, for 
populationsA and B the status is uncertain. Populations A and B are from the same 
valley (distance 2 km), whereas population C is located in another valley, 5.5 km from 
A and B. The local altitudinal limits for the Norway spruce are between 960 and 2000 
m. From each population sets of 50 old and 100 young trees were sampled. The 
young trees were 6–10 years old seedlings from naturally regenerated seedling 
patches, surrounded by 70–100 years old trees, which were sampled as putative 
mother trees, based on average seed shed distance (Geburek et al., 1998). From 
each sample 100 mgof needles were first cooled in liquid nitrogen and disrupted in a 
Retsch Mil MM2000. Total genomic DNA was extracted using the DNeasy1 Plant 
Mini Kit (QIAGEN) following the supplier’s instructions. 
 
 2.2. Molecular markers 
Five nuclear primer pairs for nuclear dinucleotide repeat SSR loci (SpAGC1, 
SpAGC2, SpAC1F7, SpAGG3, and SpAC1H8) (Pfeiffer et al., 1997), seven 
chloroplast microsatellite primers (PCP30277, PCP71978, PCP1289, PCP41131, 
PCP45071, Pt63718, and Pt71936; Vendramin et al., 1996; Provan et al., 1998), and 
three primer pairs for mitochondrial markers (mt23-D02: 50-
CACCCTTGGGTAGACTGG-30 and 50-GGTTCACGCAGTGCTTCT-30; mt15-D02: 
50-TATCTGACTTGCCTTATC- 30 and 50-ATCCGAATACATACACC-30; mt1H01: 
50-AAGATGGATCGCCCTT ACGC-30 and 50-GAGGAGGAGGCTTCGTCGTC- 30) 
newly developed for P. abies (GenBank accession numbers: AY897578, AY897577, 
and AY897576) were chosen for this study. PCR amplifications were conducted in a 
total volume of 25 ml using 1_ PCR buffer (provided by the manufacturer QIAGEN), 2 
mM MgCl2, 0.2 mM dNTPs, 4 pmol of each primer, 0.6 units HotStarTaq polymerase 
(QIAGEN HotStar- TaqTM PCR), 20–30 ng of total genomic DNA. PCR-cycling 
conditions consisted of an initial denaturation step of 95 8C for 15 min, followed by 35 
cycles of 50 s at 95 8C, 50 s at annealing temperature, and 1 min at 72 8C. A final 
extension step of 10 min at 72 8C ended the cycle. The fluorescently labelled 
microsatellite (cp, nuclear) fragments were analysed on an ABI 373 automated 
sequencer. Fragment sizing was performed using the ABI Genotyper software. After 
PCR amplification, mitochondrial fragments were analysed by PCR-RFLP. PCR 
products were digested using the restriction endonuclease HinfI. The digested DNA 
fragments were separated on a 8% non-denaturing polyacrylamide gel, followed by 
silver-staining for band detection. 
 
2.3. Data analysis 
Population genetic parameters were used to evaluate genetic polymorphisms and to 
analyse the population genetic structure of the three populations. Allele frequencies 
at each locus, number of alleles, inbreeding coefficient (FST), gene flow (Nm), 
observed (Ho) and expected (He) heterozygosity were measured as described by Nei 
and Roychoudhury (1974), and Nei (1978). Gene flow was estimated from FST using 
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the formula Nm = 0.25(1/FST _ 1) (where N is the effective population size and m is 
the fraction of migrants per generation). Genetic distances were computed according 
to Nei (1978). Computation analysis was conducted using the software POPGENE 




3.1. Organellar DNA analysis 
 
Seven cpSSRs primers were employed to investigate the samples originating from 
three Austrian populations (A, B, C). No variation was detected in the 45 individuals 
analysed. Three mitochondrial markers were used (mt15-D02, mt23- D02, and 
mt1H01) for the analysis of 450 individuals. With two markers (mt23-D02 and 
mt1H01) monomorphic bands were obtained in all samples. With marker mt15-D02 
variation was detected in three individuals from the high elevation population C. 
These three individuals belonged to the subpopulation of young trees.  
 
3.2. Nuclear microsatellite analysis 
 
With all five selected nuclear primers polymorphic bands were obtained. Locus 
SpAC1H8 was the most polymorphic among the five loci (41 alleles), while locus 
SpAC1F7 was the least polymorphic (15 alleles) among the 450 analysed samples. 
In total, 135 different alleles were detected across all the five loci. In the three 
populations, taking old and young trees together, 102 alleles were detected in 
population A, 109 alleles in population B, and 116 in population C. Population C (high 
elevation) had the highest number of alleles (35 alleles) at locus SpAC1H8 (see 
Table 1). Out of the 135 different alleles detected in three populations, 26 occurred 
only once in the investigated samples. These alleles, each found in only one 
subpopulation, are called private alleles (Hartl and Clark, 1997; Scotti et al., 1999). In 
the young subpopulations some private alleles were found, which were not present in 
the putative mother trees (data not shown). In population C the highest number of 
private alleles (15) could be identified (see Table 1). Population C had the highest 
expected heterozygosity (He) value (0.8289) compared to populations A and B (Table 
2). In all three sampled populations He was slightly higher in old trees compared to 
the young trees. All populations showed high levels of variability (He: 0.76–0.85). In 
all populations, the observed heterozygosity (Ho) was lower than the expected 
heterozygosity (Table 2). FST values between old and young trees in the three 
populations, as well as for pairwise comparisons among the three populations, 
ranged from 0 to 0.03. The inter-population difference was higher between population 
C and each of the other two populations (Table 3). The gene flow Nm between 
populations A and B was estimated at 1020, a value three times higher than between 
populations A–C and B–C. Genetic similarity among populations was quantified using 
Nei (1972) genetic distance and genetic identity (Table 4). Comparing the old 
subpopulations, it turned out that A–C are very similar with identity values between 
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90% and 92%. The genetic identity between old and young trees of the same 
population was generally lower (78–88%). Based on genetic distances a UPGMA 
dendrogram was constructed. Two main clusters can be seen (Fig. 1), one containing 
the young trees of population A and young trees of population B and the other 
comprising the rest of the samples. Within the latter cluster the young trees of 




In order to assess the change of genetic diversity occurring via natural regeneration 
the existing genetic diversity in three subpopulations originating from three elevations 
within a restricted area was assessed. The aim was to investigate the genetic 
differentiation between stands and to detect changes of the gene pools by 
comparisons of old and young trees from the same stand. The results were expected 
to provide information on the influence of forest management practice on the genetic 
profile of geographically closely located subpopulation of Norway spruce. The fact of 
private alleles occurring in the old trees but not being present in the young trees may 
be ascribed to planting or to natural selection against certain genotypes. On the other 
hand, new alleles in the young trees might indicate gene flow from outside, either 
from natural sources or through planting, and cannot be explained by natural causes, 
i.e. selection, drift or isolation. The genetic structure of subpopulations was studied at 
both intra- and inter-populational level with three different marker types, which were 
employed to estimate the extent of genetic diversity in Norway spruce from three 
Kalwang populations. 4.1. Organellar data analysis maternally inherited mitochondrial 
markers are of great value to clarify the relative importance of pollen versus seed 
dispersal (Sperisen et al., 1999). In general, low degrees of variation were found 
within Norway spruce populations throughout Europe, when using maternal markers 
for population studies (Sperisen et al., 2001). When concentrating on the alpine area 
(Austria, Swiss, Italy, France, and Germany) Gugerli et al., (2001) as well as Maghuly 
et al., (2005) found variation in few selected populations. In this study, the three 
analysed mitochondrial markers (mt15-D02, mt23-D02, and mt1H01) showed 
variation at one locus in just three individuals originating from the high elevation 
population (marker mt15- D02). These data can be taken as a hint that the less 
managed high altitude population might be autochthonous. Chloroplasts are 
paternally inherited in Norway spruce (Vendramin et al., 1996; Sperisen et al., 1999) 
and thus migrate through both seeds and pollen. In Norway spruce the genetic 
diversity detected using cpSSR markers is lower than reported for other analysed 
conifer species, i.e. Pinus halepensis, P. brutia (Bucci et al., 1998), Pinus pinaster or 
Abies alba (Vendramin et al., 1998, 1999). From thewhole sample set, 1% of the 
probes were used for cpSSR analysis. For each of the three populations (A–C) 5 old 
trees and 10 young trees were selected randomly for analysis. Given the fact that 
variation in cpSSR has turned out to be low in previous studies covering a much 
larger geographic range (Schuster et al., 1989; Vendramin et al., 2000), this sample 
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size appears sufficient for the restricted sampling area of the present investigation. 
Our analysis of cpSSRs in this subset of 45 individuals revealed no variation in seven 
investigated cp regions. On a larger geographical scale (IUFRO provenance), 
Vendramin et al., (2000) reported that cpSSR variation in 97 investigated Norway 
spruce populations was lower than the variation obtained using mitochondrial 
markers. This was expected given the differentmode of transmission of the two 
genomes in conifers. As the pollination strategy of Norway spruce is based on long-
range pollen dispersal by wind, the cp haplotypes might become uniform over longer 
distances (Schuster et al., 1989; Vendramin et al., 2000). Another reason for the lack 
polymorphisms in our study could be the small size of the study area. Due to the 
limited size of our sample we may also have missed some rare variants, but major 
polymorphisms should have been detected. 
 
 4.2. Nuclear SSRs analysis 
In previous studies (Geburek et al., 1998; Maguire et al., 2000; Rajora et al., 2000; 
Perera et al., 2000; Mariette et al., 2001; Fossati et al., 2003) the use of nuclear SSR 
has proven to be successful in detecting genetic variation in populations. In our study 
all five nuclear microsatellites were polymorphic in all three populations. In general, 
the number of alleles detected was lower in old trees than in young trees, although 
old trees possessed more private alleles in all populations. He proved to be higher in 
old trees as compared to young trees investigated. Population C showed the overall 
highest degree of variation. Two aspects were elucidated by nuclear SSR analysis of 
our samples. On one hand, the human impact on genetic diversity due to forestry 
management practices was evaluated in different elevations, which were differentially 
managed. On the other hand, changes in the genetic profile of young trees in relation 
to the existing genetic diversity was assessed.  
 
4.3. Variation between populations 
In each of the three investigated populations heterozygosity as well as allele number 
was high, indicating a high degree of genetic diversity. Comparing heterozygosity 
among the three populations revealed no significant difference. The occurrence of 
private alleles in the young tree samples demonstrates that the old trees are not the 
only ancestors of the young populations, which initially was anticipated due to the 
sampling strategy. This finding can be attributed to wind mediated pollen migration 
and seed dispersal in Norway spruce on one hand, and to the fact that our sampling 
did not cover the whole area of putative mother trees. Seed dispersal is another 
important component for gene flow in most plant species. Especially the animal or 
wind mediated dispersal of seed may be a more important component for gene flow 
than pollen transfer, at least across elevation gradients (Schuster et al., 1989). 
Therefore we have to take into account that a genetic contribution to our young 
populations from individuals outside the sampling area occurred. According to Wright 
(1951), FST values between 0 and 0.05 indicate little genetic differentiation (Hartl and 
Clark, 1997). As the FST values between the populations from different elevations 
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were between 0.002 and 0.0068 (Table 3), the genetic differentiation among 
populations as well as between old and young subpopulations (FST between 0.012 
and 0.029) is low as compared to values of FST = 0.053 reported by Lagercantz and 
Ryman (1990) for 70 populations using 22 allozyme markers. However, this may be 
explained by the fact that in those previous studies sampling was performed on a 
much larger geographical scale. In contrast to these data and in accordance with our 
findings, Geburek (1999) reported FST = 0.012 for 29 alpine populations using 17 
isoenzyme loci, as well as Scotti et al., (2000) who described FST = 0.118 in for eight 
populations along the Alpine range using seven SCAR (sequence characterized 
amplified region) loci. In Norway spruce, low levels of genetic differentiation between 
populations could be explained by the mating system and by high migration rates 
(Taberlet et al., 1998). Under the assumption that the populations are autochthonous, 
our data would indicate high inter-population gene flow (as described by Nm) 
between middle and low elevations but restricted gene flow between low and high 
elevation as well as between middle and high elevation (Table 3). However, taking 
into account that the populations from middle and low elevations may have been 
replanted during the last 100–150 years, the low gene flow with respect to the high 
elevation population may be simply ascribed to the fact that the replanted populations 
have a different origin. Another explanation could be the different geographical 
position of origin of the high elevation population C. 4.4. Impact of human selection 
Comparing the genetic profile of old trees in the three populations to the profile of 
young trees we found that old trees were slightly more variable than the young trees 
although the number of individuals investigated is lower. Also more private alleles, 
these are alleles present in only one of the investigated subsets, occurred in the old 
trees. By using Nei’s genetic distance and genetic identity measures, it was shown 
that the genetic identity values between the selected young trees and the 
corresponding populations of old trees are lower than the genetic identity values 
between different populations. In the dendrogram (Fig. 1) the old trees of populations 
A–C form a cluster, whereas the young tree populations are separated. As possible 
interpretation for this finding we can assume that the old trees represent rather 
autochthonous stands which, although grown at different elevations, have not 
undergone significant differentiation. In contrast, the gene pools of the young trees (in 
particular populations A and B) may have experienced influences from outside, i.e. 
introduction of new genotypes through planting or from natural sources. Furthermore, 
the comparison of observed versus expected heterozygosity (Table 2) reveals a lack 
of heterozygotes in all populations. This result suggests a selective advantage of 
homozygotes which may be favoured in less heterogenous environments or 
environments with one dominant stress factor (Gregorius et al., 1985). The deviation 
in favour of the homozygotes is less pronounced in young trees of populations A and 
B. Yazdani et al., (1985) compared the genetic structure of 100 years old adult and 
10–20 years old young trees by isoenzyme analysis in Pinus silvestris. In their study 
the observed heterozygosity was also higher in young than in adult trees. Our results 
indicate that higher genetic variation is found in populations from high elevations as 
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revealed by both nuclear microsatellites and mitochondrial markers. Reduced 
variation in the low and middle elevations (populations A and B) might exemplify a 
case of potential human impact. Our study for the first time analysed genetic 
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Fig. 1. UPGMA dendrogram constructed from genetic distances (Table 4) between the three 
populations and subpopulations calculated from the nuclear SSR data. While the old tree 
populations A–C cluster together, the young tree populations are clearly distinct from their 
corresponding old trees. 
 
 
Table 1 Total number of different alleles at each nuclear microsatellite locus in the three 
populations 
 





SpAGC1  SpAGC2  SpAC1F7 SpAGG3 SpAC1H8 P over all 




POP A old  8 16 12 15 19   
POP A young 










31 102 7 
POP B old  9 16 16 18 25   
POP B young 










33 109 4 
POP C old  13 17 15 19 29   
POP C young 










35 116 15 
 
 








Table 3 Pairwise estimation of genetic differentiation (FST) and gene flow (Nm = mi-grants 
per generation) for the three populations A–C  
 
 
Table 4 Genetic identity (above diagonal) and genetic distance (below diagonal) estimates 
between the three populations using the nuclear SSR data 
 













 0.7823  0.9258  0.8105  0.9224  0.9057  
POP A 
young  
0.2456   0.7693  0.9718  0.8081  0.8793  
POP B 
old  0.0771  0.2623  
 0.7848  0.9043  0.8803  
POP B 
young  
0.2101  0.0286  0.2423   0.8367  0.8837  
POP C 
old  0.0808  0.2130  0.1006  0.1783  
 0.8840  
POP C 






POP  Ho  He 
POP A young trees  0.6019  0.7596 
POP B young trees  0.5360  0.7658 
POP C young trees  0.4490  0.8106 
POP A old trees  0.4366  0.8173 
POP B old trees  0.4077  0.8488 
POP C old trees  0.4692  0.8356 
POP A old and young trees  0.5452  0.8006 
POP B old and young trees  0.4919  0.8145 
POP C old and young trees  0.4561  0.8289 
Pairwise 
comparison of 
sample sets  
Mean (?ve loci) 
Sample size  FST  Nm  
POP A old–young 
POP B old–young 









POP A–B POP A–C 
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2.1.3 Nuclear markers for oak (Quercus ssp) 
 
 
Quercus petraea and Qercus robur are diploid species with a karyotype of 2n=24 
chromosomes and a genome size of about 900 Mb. DNA content has been measured 
as 1,88pg/2C. Pedunculate and sessile oaks belong to Quercus taxonomic section 
(white oaks) (Manos et al., 1999). Interspecific genetic exchange i.e. hybridization 
within the genus Quercus is typical and widespread. Even though the species are 
genetically compatible, their morphology and ecological preferences stay distinct as 
ecological factors seem to prevent or limit gene flow. There have been several 
attempts to discriminate the two sympatric highly interfertile white oak species Q. 
robur and Q. petraea on DNA level. Genetic markers like microsatellites (Steinkellner 
et al., 1997a; Streiff et al., 1998a), 18S, 25S, 5S ribosomal DNA 
(Chokchaichamnankit et al., 2008), random amplified polymorphic DNA (RAPD) 
(Williams et al., 1990a), sequence characterized amplified regions (SCARs) 
(Bodenes et al., 1997), isozyms (Müller-Starck et al., 1992; Samuel 1999; Zanetto et 
al., 1996a) and amplified fragment length polymorphism (AFLP) have been 
developed in oak. Quercus petraea and Q. robur hybridize frequently, but still form 
two discrete genetic entities, which could be underpinned by microsatellite analysis 
(Muir et al., 2000). 
A study of interspecific gene flow in a mixed oak stand revealed high 
unidirectional hybridisation: Q. petraea pollen contributed highly to Q. robur progeny, 
while Q. petraea itself was preferably fertilized by its own species (Bacilieri et al., 
1996c; Lexer et al., 2000b). Asymmetric hybridisation was also observed in controlled 
interspecific crosses of Q. petraea and Q. robur (Bacilieri et al., 1996a; Bacilieri et al., 
1996b; Kremer et al., 2002a; Kremer et al., 2002b; Zanetto et al., 1996b). Thus by 
means of pollen flow Q. petraea could be able to colonize, after successive frequent 
backcrossing, new, formerly robur-specific habitats. Nevertheless long-distance 
pollen flow, heterogeneity of the pollen dispersal and variability of mating success 
certainly contribute to keep high levels of diversity in oak stands (Lexer et al., 2000a; 
Lexer et al., 2006b; Petit et al., 2004a; Streiff et al., 1998b).  
 
 
                                                                                                 Nuclear Markers for Quercus ssp 
 79
The two interfertile species exhibit phenotypic differences, but show only 
extremely low genetic differentiation for isoenzymes or rDNA and generally share the 
same chloroplast genotypes in the same geographic areas. Thus it has been 
assumed that genomic regions, where significant interspecific differences occur, are 
rare. Recently, numerous genetic markers (AFLP, SSR) were revisited and applied to 
natural mixed oak stands in Western Europe. The distribution of markers relevant in 
species differentiation yielded an “L-shaped” curve indicating a small number of 
markers with a higher index of species differentiation.(Petit et al., 2004b) 
 
VNTR Isolation 
For the isolation of VNTR markers as being used for mapping in Barreneche 
(Barreneche et al., 1998a) RAPD has been used to isolate a genomic fragment of 2.3 
kb in size generated by Operon primer D7 on genomic oak DNA from an Austrian 
accession (NW1 – Niederweiden1, NÖ). Using this fragment in Southern 
hybridization experiments on HaeIII digested genomic DNA, it revealed a multi band 
hybridization profile (see fig.2). Due to the nature of RAPD fragments target the 
repetitive region of the genome as the method relies on primer binding in closely 
situated inverted repeat regions. The sequence of the region is found in the Appendix 
0. The banding pattern exhibits no regular sized banding, but rather generates an 
individual-specific fingerprint profile. Sequence comparison using BLAST revealed 
homology of the region 130–740 bp Vitis vinifera HSC70-1 (heat shock cognate 70 
kDa protein 1) with 7e-96 whereas the rest of the sequence revealed no sequence 
homology. 
Restriction analysis of the 2,3 kb fragment revealed 4 cloneable subfragments 
that have been used for further hybridization experiments in order to elucidate which 
proportion of the fragment reveals the fingerprint like banding pattern, indicating the 
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Fig 2:  Southern hybridization autoradiogram of HaeIII digested genomic oak DNA of 4 
individuals hybridized with the 2.3 kb RAPD fragment (ST8, GU8, GS2, GR4). The gel 
separation run was performed on at 2V/cm on a 0.7% agarose gel. 
 
Sequence analysis of this fragment revealed the presence of several short and 
longer repetitiv units. Three different tandem repeat units (Omin 1,2,3) could be 
identified within the fragment (see fig 3). These are minisatellite regions of different 
length and different numbers of repeats as well as different orientation towards each 
other. Omin3 is a tandem direct repeat unit of 36 and 37 bp (RevCore1 and 2) 
respectively, following each other without insertion. 1000 bp upstream of this region 
(1131– 1245 bp), another direct tandem repeat can be found, termed Omin1. It 
consists of 4 direct repeat units of 14–16 bp in length being separated from each 
other by 4, 6 and 14 bp inserts. These repeats all start with a Mnl1 restriction enzyme 
cut site (mnl core 1–4). Fig 5 shows the hybridization pattern generated on Mnl1 
digested genomic DNA when using the Omin1 repeat region as target. The repetitive 
nature of the element in the genome can nicely be seen as banding pattern with an 
average distance between the bands of approx. 150 bp. This region has been 











Fig 3: Scheme of the 2.3 kb fragment and ist repetitive elements  
 
 

















Fig 5: Southern hybridization autoradiogram of MnlI digested genomic oak DNA of 6 
individuals (UB15, NW12, NW10, NW1A STP9, ST9). The gel separation run was performed 
at 2V/cm on a 3% agarose gel. Hybridization with the 221 bp Omin1 fragment amplified by 
PCR. 
 
Multiple Sequence Alignment 
 
MN1   CCCTCTATGTTTGTAA    16 (1131-1146) 
MN3   CCCTCTATGTTTGGAA    16 (1181-1196) 
MN4   CCCTCTATCTTTG-AA    15 (1207-1221) 
MN2   ---TCTATGTTTG-AA    12 (1153-1164) 
         ***** **** ** 
Consensus-Sequence: 16bp; Identity: 11 ( 68.8%) 
 
‘*’ 100% conserved sequences 
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Outside of the Omin1 region, another set of repeat elements could be identified – 
inverted repeats of 48 and 50 bp respectively (Omin2) in a distance of about 100 bp 
from the Mnl repeats. When using this region as hybridization probe, also a repetitive 
banding pattern could be generated (fig 7) with distances between the repeats of 




F1C       - AAAATATTGAAACTTTAGGGGAGCAAAATT-AAAATTA—-CCCC-AAAGCTT -48 
            ||| | |||||||||||||| || |||| | |||| ||  |||| ||||||| 
F2CINV    - AAA-TTTTGAAACTTTAGGG-AGTAAAAGTCAAAAATAATCCCCTAAAGCTT -50 
            ***.*.**************.**.****.*.****.**..****.******* 
Identity: 42 bases (87.50%) 
 
b) 
Sequence comparison REVC1 (90-127), REVC2 (128-164) 
 
REVC1     - AAAGAATCCTCTTTGCTTTCTCACAAGCAGTTCTTAA -37 
            |||||||||||||||||| |||||||||||||||||| 
REVC2     - AAAGAATCCTCTTTGCTT-CTCACAAGCAGTTCTTAA -36 
            ******************.****************** 
Identity: 36 bases(100.00%) 

























Fig 7: Southern hybridization autoradiogram of HaeIII digested genomic oak DNA of 3 and 4 
individuals (GU8, NW11, NW1A, NW1).The gel separation run was performed on a 2,5% 
agarose gel. Hybridization was performed with Omin2 A and B fragments amplified by PCR 
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The fragment outside the upstream inverted repeat (1425–1986 bp) however 
revealed, when used as hybridization probe on HaeIII digested DNA, the initially 
generated, individual specific banding pattern. This region showed no repetitive 

































Fig 8: Southern hybridization autoradiogram of HaeIII digested genomic oak DNA of 6 
individuals (GS12, GS15A, ST8, ST9, GU8, NW1).The gel separation run was performed on a 
0,7 % agarose gel. Hybridization with 221 pb Omin2 A and B fragments amplified by PCR  
(350 bp fragment 1631–1986 bp) 
 
BLAST analysis of the 2.3 kb fragments revealed no significant sequence 
similarities to known gene sequences. The repetitive regions within the sequence 
though show homology to transposable elements like MULEs – Mutator Like 


















Fig. 9: Region 800–1450 bp of the 2.3 kb RAPD fragment. Different colours indicate 
transposable representing sub-elements: MULE-element starting with a 8 bp direct repeat as 
insertion site (light blue). In between underlined the elements of a Stowaway family, starting at 
the TA target site. 
 
The above described region Omin3 (RevC 1 and 2) was used as sequence 
characterized region for anchoring a genetic linkage map of Q. robur L. (see 
Appendix II: A genetic linkage map of Quercus robur L (pedunculate oak) based on 
RAPD, SCAR, microsatellite, minisatellite, isozyme and 5S rDNA markers 
Barreneche T, Bodenes C, Lexer C, Trontin J F, Fluch S, Streiff R, Plomion C, 
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Micosatellites loci in Quercus ssp 
 
Microsatellites are most informative polymorphic markers which have proved to 
be highly conserved among oak species (Lexer et al., 2006a; Steinkellner et al., 
1997b) and thus can be applied in a wide range of oak as well as in related Fagaceae 
species in comparative studies (e.g. comparative genetic mapping (Barreneche et al., 
2004b). Microsatellites have already been used for answering the question of species 
status in Q. robur and Q. petraea (Muir et al., 2000; Muir et al., 2004) using twenty 
loci in 10 European sessile and pedunculate oak populations. Relatedness on the 
basis of shared alleles was visualized using an UPGMA approach and revealed a 
clustering of populations according to species rather than geographic origin. Streiff et 
al., (1999) used six hypervariable SSR loci in parentage analysis for tracing pollen 
dispersal in a mixed oak stand of Q. robur and Q. petraea. 
 
2.1.3.1 Detection of microsatellite instability during somatic embryogenesis of 
oak (Quercus robur L.) 
 
E. Wilhelm1, K. Hristoforoglu2, S. Fluch1 and K. Burg1  
 
(1)  Division of Environment and Life Sciences, Department of Biotechnology, ARC 
Seibersdorf Research, 2444 Seibersdorf, Austria 
(2)  Horticultural College and Research Institutes, Grünbergstrasse 24, 1131 Vienna, 
Austria 
Published: 2005 Plant Cell Reports 23: 790-795 
Abstract  Five microsatellite loci (QpZAG1/5, QpZAG9, QpZAG36, MSQ4, MSQ13) 
were used to test for genetic stability of three somatic embryogenic culture lines of 
Quercus robur L. and plantlets derived therefrom. DNA variation was detected among 
somatic embryos within all embryogenic lines, whereas no genetic instability was 
found among the regenerated plants. Two microsatellite loci revealed variation, and a 
locus-dependent instability was observed. The most polymorphic and useful 
microsatellite locus for detecting genetic variation was QpZAG9, with 28.5% of the 
investigated loci being variable. 
Keywords  Simple sequence repeats - Somaclonal variation - Somatic 
embryogenesis - In vitro culture - Quercus ssp 
Abbreviations  AFLP Amplified fragment length polymorphism - RAPD Random 




Cultures of isolated plant cells and tissues in artificial nutrient media have become 
enormously important for fundamental and practical applications, particularly in the 
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micropropagation industry. In order to utilize the advantages of micropropagation, 
trueness-to-type reproduction is highly desirable. However, in vitro culture has 
revealed itself as being mutagenic, and plants regenerated from organ cultures, calli, 
protoplasts and via somatic embryogenesis often show phenotypic and DNA 
variation, a phenomenon which has been termed somaclonal variation (Larkin and 
Scowcroft 1981). Reliable means for assessing the genetic stability of a genotype 
throughout a given tissue culture would therefore be of a tremendous advantage for 
micropropagation and genetic engineering. 
Various methods are available for characterizing mutations induced by tissue 
cultures, including phenotypic identification, cytological methods and DNA analysis 
techniques (Jain et al., 1998; Rani and Raina 2000), and many investigators working 
with tree species have dealt with the assessment of somaclonal variation using 
various molecular markers (Isabel et al., 1996; Fourré et al., 1997; DeVerno et al., 
1999; Vendrame et al., 1999). Both dominant and co-dominant marker systems have 
been successful in detecting genetic instability induced by tissue culture. Among 
them, RAPDs (random amplified polymorphic DNAs) and AFLP (amplified fragment 
length polymorphism) have resulted both in the detection of variation as well as the 
lack of variation. In Quercus serrata (Thakur et al., 1999), Q. suber (Gallego et al., 
1997) and Q. robur (Sanchez et al., 2003) somatic embryos (SEs) have been 
monitored with regard to their genetic stability using RAPD markers. These studies 
exhibited no aberration within the RAPD banding pattern among the samples tested. 
No differences in AFLP patterns could be detected among SEs of immature zygotic 
embryos of Q. suber, whereas SEs derived from leaves of a mature cork oak tree 
showed AFLP polymorphisms (Hornero et al., 2001). In contrast to RAPDs and 
AFLPS, simple sequence repeats (SSRs) or microsatellites are co-dominant markers 
and show a high rate of mutability in all of the species studied to date (Lagercrantz et 
al., 1993). Due to their relatively high degree of variability, microsatellite markers 
have been widely used for assessing genetic diversity (Powell et al., 1996), but their 
application in the detection of genetic instability induced during in vitro culture has 
been reported only for a limited number of plant species, such as SEs of Norway 
spruce, Picea abies (Burg et al., 1999), microcuttings of trembling aspen, Populus 
tremuloides (Rahmann and Rajora 2001) and adventitious regenerants of kiwi fruit, 
Actinidia deliciosa A. Chev. (Palombi and Damiano 2002). 
For several years we have been establishing a system of somatic embryogenesis 
for pedunculate oak (Q. robur L.) with the aim of demonstrating the potential use of 
this vegetative propagation technique for tree improvement programmes (Wilhelm 
2000) as well as for studying aspects of tree physiology (Sunderlikova and Wilhelm 
2002; Prewein et al., 2004). In the course of the study reported here, we evaluated 
the applicability of SSRs for assessing genetic variability in SEs and derived plantlets 
of pedunculate oak (Q. robur L.). Comparisons were made among and within three 
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2 Materials and methods 
 
2.1 Plant material 
Two embryogenic culture lines (E4.31H9; P28H9) of pedunculate oak (Quercus 
robur L.) were generated from zygotic embryo explants in 1995 and 1997 and 
maintained as described (Endemann and Wilhelm 1999). The culture line C++2P was 
obtained from Ireland (David Thompson, Coillte, Ireland), while the others were of 
Austrian origin. Briefly stated, excised immature zygotic embryos or longitudinal 
sections of small acorns were placed on an induction medium composed of P24 
medium (Teasdale 1992) supplemented with 5 µM 2,4-dichlorophenoxyacetic acid 
and 0.5 µM 6-benzyladenine (BA), 3% sucrose and 0.8% agar (Daishin) for 3 weeks. 
The cultures were subsequently maintained on P24 medium with 0.9 µM BA at 
24±1°C under a 16/8-h (light/dark) photoperiod with light provided at white light 
(TLD 36W/33; Philips, The Netherlands) at an intensity of 65 µmol m–2 s–1). Under 
these conditions the cultures remained repetitively embryogenic. 
In order to test variation within SE culture lines, we removed 24 individual SEs at 
the cotyledonary stage (length: greater than 5 mm) from each one of the three SE 
culture lines. The screening period took place in 2000. Leaf tissue from the 
regenerated plantlets of the oak lines that had been grown in the greenhouse was 
used to test the genetic profile of the regenerated plants. 
 
2.2 DNA isolation and quantification 
Plant material from both single SEs and the leaf tissue (30–50 mg) was cooled in 
liquid nitrogen and disrupted using a grinding mill (model MM301; Retsch, Haan, 
Germany). DNA was extracted using the DNeasy Plant Mini kit (Qiagen, Valencia, 
Calif.). For eluting the purified DNA from the DNeasy spin columns we used 50 µl AE 
buffer (Qiagen) for the SE tissue and 100 µl of the buffer for the leaf material. 
 
2.3 Microsatellite analysis 
Five polymorphic microsatellite loci isolated from Q. petraea and Q. macrocarpa 
(Dow et al., 1995; Steinkellner et al., 1997) and previously mapped on a linkage map 
for Q. robur L. (Barreneche et al., 1998) were selected—QpZAG36, located on 
linkage group 2; MSQ4, on linkage group 4; MSQ13, on linkage group 6; QpZAG9 
and QpZAG1/5, on linkage group 7—separated by 23 cM. PCR amplifications were 
performed using HotStar Taq polymerase (Qiagen) following standard protocols. 
MgCl2 concentrations had to be set for each locus (Table 1).  
 
Amplifications were performed on PTC 100 thermocyclers (MJ Research, 
Waltham, Mass.) using the following amplification profile: one cycle of 15 min at 
94°C, 35 cycles of 45 s at 94°C, 45 s at the primer Tm and 45 s at 72°C and one 10-
min cycle at 72°C. Forward primers were fluorescently labeled for automated 
fragment detection using an ABI 373 DNA Sequence Analyzer (PE Applied 
Biosystems, Foster City, Calif.). Fragment sizes were calibrated using the genescan-
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Rox 350 molecular weight standard (Perkin Elmer), and data scored and compiled 
using genotyper ver. 2.5 (PE Biosystems). The genescan and genotyper software 
provides estimates of fragment sizes reliable to two decimal places. The distribution 
of fragment sizes for each microsatellite locus was not continuous but displayed 
natural  discontinuities or breaks which were used to define sets of bins, i.e. alleles. 
For example, fragment sizes 159.80–160.54 bp might be designated as allele 160 , 
in the case that relatively large breaks separate them from neighbouring bins. We 
applied two criteria in defining bins: (1) the range of fragment sizes within a bin 
should not exceed 1 bp; (2) the gaps between bins should be substantially greater 
than the gaps between fragment sizes within bins. Apart from a few exceptions for 
which some judgment was required, the fragment sizes sorted naturally into well-
defined bins or alleles. 
 
2.4 Determination of the SSR allele frequencies 
Q. robur L. is a diploid species (2n=2x=24), and a high degree of heterozygosity 
at many loci from zygotic embryos can be expected. In particular, using microsatellite 
markers QpZAG1/5, QpZAG9 and QpZAG36, Lexer et al., (2001) calculated the 
expected heterozygosity to be between 0.82 and 0.85 from 36 oak seedlings 
originating from one population. Since the cell lines had been maintained in tissue 
culture for up to 5 years, the genotype of the starting material (zygotic embryo) was 
no longer available. Therefore, the most frequent genotype was assumed to 
represent the initial genotype from the beginning of the cell culture. The allele sizes of 
the putative initial genotypes were thus used as references to ascertain whether a 
sample contained altered alleles. The allelic variation frequency was calculated by 
dividing the number of alleles of the mutated size by the total number of alleles 
determined for the particular locus. 
 
3 Results and discussion 
The genetic variability of three embryogenic cell lines of oak (Q. robur L.) along 
with the regenerated plantlets was assessed using five microsatellite markers 
(QpZAG1/5, QpZAG9, QpZAG36, MSQ4 and MSQ13). All of the primer pairs 
produced polymorphic banding patterns with primer pair QpZAG9 producing the 
maximum number—five initial alleles plus three additional alleles—and primer pair 
QpZAG1/5 yielding the minimum number—three alleles (Table 1). The average 
number of alleles was calculated to be 4.8 per locus. Microsatellite DNA variation was 
observed among SEs within all lines at two SSR loci (QpZAG9 and MSQ13), 
whereas no variation was found among the regenerated plants within the clonal lines 
(Tables 2, 3). The five loci analysed revealed 35 spontaneous variations affecting 42 
alleles in 35 SEs, while the remainder of the SEs analysed belonged to non-altered 
genotypes. This corresponds to a variation rate of one per embryo and 0.2 variations 
per locus within the altered SEs (35 variant alleles/35 variant SEs/five loci), and of 
0.05 (35 variant alleles/144 alleles analysed/five loci), as compared to all of the SEs 
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analysed. It appears that microsatellite instability is a frequent phenomenon among 
oak SEs. Thus, 48.6% (35 of 72 SEs) of the SEs studied possessed variable 
microsatellite alleles. All of the altered embryos showed variation in only one locus 
(Tables 2, 3). In most cases the allelic fragment decreased in length, but increases 
were also observed (Table 2). The altered genotypes could be explained by single 
mutations following the stepwise mutation model (Zhu et al., 2000).  
 
3.1 Genetic stability of the oak cell lines 
The instability of SEs within the cell lines varied from 29.2% (line E4.31H9) to 
62.5% (line C++2P), indicating a genotypic effect (Tables 2, 3). Genotypic 
dependency of somaclonal variation has been shown among SEs from other broad-
leaved tree species such as Coffea arabica (Etienne and Bertrand 2001) and Prunus 
persica (Hashimi et al., 1997). AFLP analysis of pecan SEs originating from the same 
line also resulted in polymorphic patterns, and no relationship between the 
occurrence of embryos exhibiting a greater degree of genetic diversity and culture 
age could be found (Vendrame et al., 1999). 
Considerable variability in the sizes of the microsatellite alleles was found among 
SEs, but no change from the putative initial genotype was detected among the 
regenerated plants. To explain these observations two hypotheses can be put 
forward. The first is that the variation among SEs is pre-existing or due to de novo 
induced mutational processes. Pre-existing variation among tissues from the donor 
plant (Hornero et al., 2001) was attributed to DNA instability detected among AFLPs 
in cork oak SEs initiated from leaves of adult trees. Pre-existing variation may be also 
found in the multicellular origin of the SE culture derived from several fertilized 
ovules. The ovary of the oak flower consists of three locules with two pendulous 
ovules in each locule. Only one ovule per ovary gives rise to a seed, whereas all 
ovules may be fertilized. In the present investigation we explanted single excised 
immature zygotic embryos or longitudinally halved acorns to induction medium to 
initiate somatic embryogenesis. In vitro conditions may have facilitated their 
outgrowth, resulting in a mixture of several genotypes. The putative initial genotypes 
was easily determined for all three culture lines, P28H9, E4.31H9 and C++2P, and 
verifies that these lines had been derived from one single zygotic embryo explant. In 
addition, the regenerated plantlets display the putative initial genotypes, therefore we 
exclude the hypothesis that variation among SEs is pre-existing. 
The second possibility is de novo-induced mutations, which have been observed 
during differentiation-de-differentiation processes in both in vivo and in vitro cell and 
tissue cultures (Jain et al., 1998; Rani and Raina 2000). Significant DNA-sequence 
rearrangements were detected during tissue culture processes in carrot (Arnholdt-
Schmitt 1995), tomato (Bogani et al., 2001) and cauliflower (Leroy et al., 2001), which 
the authors discussed within the framework of physiological changes resulting either 
from the hormonal composition of the media used or from an undifferentiated cell 
step. Arnholdt-Schmitt (1995) assumed that during the growth and de-differentiation 
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of cultured tissues, plant genomes might undergo significant modifications, which can 
be considered as physiological instability. Physiological DNA variability as a sign of 
genome plasticity may be an inherent and reversible event but may preferentially 
provide an opportunity for stress-induced heritable changes in the genome. The 
physiological genome instability caused by the in vitro culture may explain why no 
variability was detected among the regenerated plants. Similar results were observed 
for embryogenic tissue of white spruce (Picea glauca) (DeVerno et al., 1999), in 
which case different RAPD fragment patterns as well as altered mitochondrial DNA 
RFLP patterns were found in Larix embryogenic tissue but not in the regenerated 
plants (DeVerno et al., 1994). These authors suggested that the somatic 
embryogenic tissue may be composed of a mixture of genetically altered and 
unaltered cells and altered genomes, with only the unaltered genomes having the 
capacity to regenerate into plants. Instability induced by in vitro culture was also 
detected in cauliflower (Brassica oleracea) calli based on an inter-simple sequence 
repeat(ISSR)-PCR approach (Leroy et al., 2001). Similar to our results, no genetic 
differences were reported for plants regenerated from cauliflower by means of 
somatic embryogenesis. 
 
3.2 Genetic stability of the microsatellite loci 
With respect to allelic instability (Table 4), 42 of 720 alleles (5.8%) from the oak 
SEs revealed variations, which corresponds to a mutation rate of 4.0% (42/1,055 
alleles) when the regenerated plants are included. The five loci showed different 
degrees of variability, indicating that a specific locus is particularly susceptible to DNA 
rearrangements (Tables 3, 4). Loci QpZAG1/5, QpZAG 36 and MSQ4 proved to be 
the more stable ones, with no alleles being altered within all cell lines studied, while 
locus QpZAG9 showed the highest instability, with 41 allelic variations (28.5%; 
Table 4). The variability detected with SSR markers in our oak embryogenic lines is 
much higher than those measured with AFLP and RAPD markers in other oak cell 
lines in which no variations were found (Hornero et al., 2001; Sanchez et al., 2003). It 
is possible that a variation occurred at an early stage of embryogenesis because 
some of the SEs carry the same variation. In addition, we also found different 
variations in embryogenic cells. Thus, independent instability events must have taken 
place (Table 2). 
The presence of loci with a high rate of mutation promoted by in vitro conditions 
has also been found in other species (Burg et al., 1999; Linacero et al., 2000; Leroy 
et al., 2001). It was assumed that some of the DNA instability detected by RAPDs in 
rye plants regenerated from immature embryos and inflorescences could be 
attributed to hypervariable regions of the rye genome (Linacero et al., 2000). 
Hypervariable sequences are in many cases repetitive or highly repeated regions 
such as microsatellites. Single-strand slippage replication effects have been 
proposed as one of the main mutational mechanisms accounting for the high 
mutation rates observed in microsatellite loci (Levinson and Gutman 1987). Plant 
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tissues in vitro are exposed to high levels of oxidative stress (Cassells and Curry 
2001) and reactive oxygen species (ROS) are known to cause DNA damage, 
including microsatellite instability (Jackson et al., 1998). Stress activation of plant 
retrotransposons is a factor in somaclonal variation (Hirochika 1993; Hirochika et al., 
1996). Several long terminal repeat sequences of Ty1-copia retrotransposon 
elements have been identified in oak as markers for population studies (Berenyi et 
al., personal communication). Q. robur L. has the largest physical genome among the 
woody species investigated to date, but the size of its genome is not greater than that 
of tomato (Barreneche et al., 1998). Although pedunculate oak is a diploid species, 
B chromosomes (Besendorfer et al., 1996) and also fertile triploid individuals have 
been reported (Naujoks et al., 1995). Increased genetic flexibility might facilitate 
evolutionary adaptation of plant populations to stressful environments, such as in the 
case of rapidly dividing oak cells in tissue culture conditions.  
We have been able to show that de novo DNA mutations occurred during oak 
somatic embryogenesis but that the altered SEs were unable to regenerate. 
Therefore, we conclude that microsatellites are highly useful and sensitive markers 
suitable for monitoring the quality of SEs at early developmental stages in order to 
regulate the tissue culture procedure. 
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Table 1 Microsatellite primer sequences developed for Quercus petraea and Q. 
macrocarpa (Dow et al., 1995; Steinkellner et al., 1997) with the PCR conditions, 
























GCA ATT ACA GGC 
TAG GCT GG/GTC 
TGG ACC TAG CCC 
TCA TG 
65 1.75 185–199 5 3 
ssrQpZAG36 
(AG)n 
GAT CAA ATT TGG 
AAT ATT AAG AGA 
G/ACT GTG GTG 
GTA GTC TAA CAT 
GTA G 
52 1.75 213–224 5 0 
ssrQpZAG1/5 
(AG)n 
GCT TGA GAG TTG 
AGA TTT GT/GCA 
ACA CCC TTT AAC 
TAC CA 
55 2.25 161–170 3 0 
MSQ4 (AG)n 
CCC TTC TGA CAT 
TGC ATA TTC 
GA/CCA ATT CGA 
CAA TTT CTT AGT 
GCA 
51 1.75 205–215 4 0 
MSQ13 (TC)n 
TGG CTG CAC CTA 
TGG CTC TTA G/ACA 
CTC AGA CCC ACC 
ATT TTT CC 
52 1.75 190–230 4 0 
          21 3 
 
      
                                                                                                                                                                                                         Nuclear Markers for Quercus ssp 
 94 
Table 2 Allele sizes, number of mutated samples/alleles at five SSR loci of three embryogenic oak (Q. robur L.) lines and derived plantlets thereof 
SSR 

















































































































24 213/221 0/0 – 24 
168/17
0 0/0 – 24 
207/21
3 0/0 – 24 
218/22









24 219/224 0/0 – 24 
168/17
0  0/0 – 24 
205/20
5 0/0 – 24 
190/22









24 215/224 0/0 – 24 
161/17
0 0/0 – 24 
215/21












7 0/0 – 24 
213/22
1 0/0 – 24 
168/17
0 0/0 – 24 
207/21
3 0/0 – 24 
218/22




6 0/0 – 32 
219/22
4 0/0 – 32 
168/17
0 0/0 – 32 
205/20
5 0/0 – 32 
190/22




9 0/0 – 11 
215/22
4 0/0 – 11 
161/17
0 0/0 – 11 
215/21
5 0/0 – 8 
218/23
0 0/0 – 
 
 




Table 3 Genotype variation frequency (%) of embryogenic cell lines and number of 
samples (n) of regenerated plantlets of Quercus robur L. analysed  
Cell line 











































Table 4 Total number of alleles analysed per locus, number of altered alleles (n), 
variability (%) and number of new alleles (+) of five microsatellite loci in three oak (Q. 











n % + n % + n % + n % + n % + n % 
+ 
P28H9 48 0 0.0 – 0 0.0 – 15 31.3 2 0 0.0 – 0 0.0 – 15 6.3 2 
C++2P 48 0 0.0 – 0 0.0 – 20 41.7 2 0 0.0 – 0 0.0 – 20 8.3 2 
E4.31H9 48 0 0.0 – 0 0.0 – 6 12.5 3 0 0.0 – 1 2.1 1 7 2.9 4 
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2.1.4 SSR isolation for Paeonia 
 
Wild Tree Peonies (Paeonia sect. Moutan) are endemic to the mountainous 
regions of China and Tibet and became more and more popular in Europe from the 
end of the 18th century. Due to their woody stems they are able to resist extreme 
temperatures. However the over collection of their roots for medical purposes and the 
cultivation as garden flowers has almost caused the complete destruction of wild tree 
peony sites. Crossings were conducted over centuries, producing many new hybrids 
where little or no information on the crossing partners is available, leaving many of 
the new varieties in a state of ‘unknown origin’. At the Botanical Garden (HBLFA) of 
Schönbrunn/Vienna, a unique tree peony collection is available, which has been 
established over 55 years ago. Nothing is known on the origine of these plants. Some 
of the plants exhibit a rather unique phenotype which can not been found elsewhere. 
Like in other collections, crossings have been made, and seedlings have been grown, 
but also here, the records are scarce, so seedlings can not be traced back to their 
mother plants.  
To clarify the genetic relationship of the individuals we have developed a 
microsatellite marker system by isolating microsatellite regions (SSRs, simple 
sequence repeats). Starting from plant material derived from tissue culture, genomic 
DNA has been extracted, and fragments containing SSR regions were isolated using 
an enrichment method for [(AG)10, (CA)10 and (TA)10] containing sequences.  
Thirteen primer pairs have been designed for SSR containing clones and their 
functionality has been tested on 77 different Paeonia samples. Three polymorphic loci 
have been identified and applied to generate a phylogenetic tree for 70 plants. 
Relationships between the genotypes have been shown as well as changes caused 
by tissue culture and the imperfectness of present taxonomy. 
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2.1.4.1 Microsatellite markers in tree peony, Paeonia suffruticosa 
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• Premise of the study: Microsatellite primers were developed in tree peony, 
Paeonia suffruticosa, to perform paternity tests as well as variety assignments 
in special Austrian collections. 
• Methods and results: Using SSR enriched libraries and EST-mining, 8 
polymorphic primer sets were identified in Austrian collections of Paeonia 
sect. Moutan DC. The primers amplified di- and trinucleotide repeats with 2-10 
alleles per locus. All primers also amplified in P. ostii, P. pontaninii var 
trolloides, P. delavaii and P. lutea and in the herbaceous species P. peregrina 
and P. tenuifolia (Paeonia Sect. Paeon). 
• Conclusions: These results show the usefulness of primers in P. suffruticosa 
for population genetic studies and their ability to cross amplify in related taxa 
across the genus. 
 




Tree peonies (Paeonia L. sect. Moutan DC.) develop woody stems resistant to 
extreme differences in temperature. Due to plant breeding, there exist hundreds of 
ornamental hybrids (Rieck and Hertle, 2002). Endemic to China and playing an 
important role as national flower, tree peonies were first discovered by Europeans in 
1683 and imported to Europe in 1789. In order to perform paternity tests as well as 
variety assignment in a set of Paeonia ssp. plants available in a special Austrian 
ornamental cultivar collection at Schönbrunn, a SSR marker system needed to be 
developed. The collection consists of 17 Paeonia cultivars each over 60 years old 
and of unknown origin but similar to Paeonia suffruticosa in morphology, and 23 
intraspecific hybrids produced from them over the last decades.  We created a P. 
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suffruticosa sample set of 18 individuals by combining the 17 cultivars and one P. 
suffruticosa species from the Botanical Garden of Vienna. From the hybrids, four 
individuals were selected for the microsatellite analysis. These plants exhibit very 
special leave morphology or floral types which are of special interest for further 
breeding. Additional three individuals from a ‘gardener’s collection’ of unknown origin 
were added to the hybrid set (N=7). In addition to these plants, a reference set (N=7) 
of five different Paeonia sect. Moutan species (P. ostii, P. pontaninii var trolloides, 2x 
P. delavaii and P. lutea) and two Paeonia sect. Paeon species (P. tenuifolia and P. 
peregrina) that could be used for subsequent species assignment of the plant 
material in question was also examined. These species were greenhouse grown and 
are cultivated in botanical gardens in Vienna.  
Microsatellites are known under several pseudonyms, e.g. simple sequence 
repeats (SSRs), simple sequence length polymorphisms (SSLPs), short tandem 
repeats (STRs), simple sequence motifs (SSMs) or sequence target microsatellites 
(STMs), and serve as highly variable marker system from diversity studies to 
paternity tests (Menz et al.,, 2004). In order to identify variable microsatellite 
regions for Paeonia, we pursued two approaches – we used a SSR 
enrichment method according to Refseth et al., (1997), and we also 
incorporated an in silico approach mining publicly available EST sequences 
for identification of SSR regions. 
 
METHODS AND RESULTS 
20 µg genomic DNA from Paeonia suffruticosa tissue culture material (HBLFA 
Schönbrunn) extracted with DNeAsy kit (QIAGEN, Düsseldorf, Germany) were 
digested with 20 U Sau3A according to Refseth et al., (1997) and fragments 
between 1.7 and 0.9 kb were isolated. Sau3 A adaptors [A: 
5’TTCCATAACCCCAATCTTCT3’ and B:  5’TATCCTAATCTTTTTTTCTCTTTCC3’] 
were ligated to the ends of the fragments. 20 ng DNA adaptor ligated fragments were 
amplified in the presence of 50 pmol Sau3 A oligo A primer and 2 U DyNazym II. One 
µg of each of the amplified fragments was hybridized with 125 pmol 5’ biotinylated 
oligos (AT)10, (CA)10 and (TA)10 respectively. Streptavidin coated Dynabeads (approx. 
3.75x108 beads) were used to capture SSR containing fragments. Captured 
fragments were released from the biotinylated oligos by heat-denaturation. Isolated 
fragments were amplified with Sau 3 AI oligo A and resulting amplicons were cloned 
into pCR®4-TOPO® vector (INVITROGEN, Carlsbad, California, USA). 1728 clones 
were analyzed using M13 primers to amplify the complete microsatellite-containing 
insert. A third primer (AT10, CA10 or TA10) was used to specifically amplify 
microsatellite regions. SSR containing clones were selected as positives when two 
(complete insert and microsatellite) or more bands (complete insert and compound 
microsatellite) were visible on a 1.5 % agarose gel after PCR. 
96 positive clones were sequenced using an ABI 3130xl Genetic Analyzer (ABI), 
and sequence analysis was performed with Sequencher 4.5 (GeneCodes 
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Corporation, Ann Arbor, Michigan, USA). Fifty-six clones (58% of clones sequenced) 
contained SSR stretches. Within the (CA)n library, 41 clones showed SSR motifs of 
appropriate length, but many were redundant (38) reducing the number of valid 
clones to four unique sequences. Out of 30 clones picked from the (AG)n library, 15 
contained an SSR motif, nine sequences could be further used for primer planning. 
There was no SSR motif found in clones picked from the (TA)n  library. Thirteen 
primer pairs were designed using OLIGO (Molecular Biology Insights, Cascade, 
Colorado, USA). To evaluate polymorphism of these markers, PCR reactions were 
performed in 20 µl volumes containing 30 to 50 ng genomic DNA,1X PCR Buffer 
(QIAGEN), 0.25 mM each dNTP, 1 pmol  FAM-labelled forward primer, 1 pmol 
reverse primer, 1.5 mM MgCl2, and 2 U Taq polymerase (QIAGEN). The PCR 
program consisted of 5 min. initial denaturation at 95 °C followed by 30 cycles 
denaturation at 95 °C for 45 sec., a primer-specific annealing-temperature (Table 1) 
for 30 sec., extension at 72 °C for 50 sec., and a final extension at 72 °C for 8 
minutes. 13 primer pairs (Table 1) amplified in the P. suffruticosa set (N=18) but only 
three were polymorphic across the set. All primer pairs amplified in the “hybrid-“ 
(N=7) and the “reference set” (N=7) with the same results regarding polymorphism. 
To exploit the advantages of ESTs as source for marker development (Thiel, et 
al., 2002; Rungis, et al., 2007), 2,024 Paeonia suffruticosa ESTs from the NCBI 
dbEST database were used for in silico filtering of SSR regions. Screening with the 
SciRoKo software program (Kofler, et al., 2007) revealed 726 sequences containing 
various repeat motifs. Clustering with EST2uni (Forment, et al., 2008) produced 437 
SSR containing ‘unigenes’ separating into 85 clusters and 352 singletons. 598 
microsatellite motifs could be identified. Di-nucletotide repeats were most abundant 
(47%), followed by tri-nucleotide repeats (30%) and tetra-nucleotide repeats (11%). 
Penta- and hexa-nucleotide repeat frequency was low (3%). Twenty-five primer pairs 
designed with OLIGO were analysed according to the protocol from Schuelke (2000). 
Forward primers were designed with an M13 tag compatible to a FAM-labelled M13 
universal primer. 30 ng DNA was amplified in 25 µl volumes with 1x PCR Buffer 
(Solis BioDyne, Tartu, Estonia), 0.25 mM each dNTP, 0.25 pmol forward primer, 1 
pmol reverse and universal labelled primer, 2.5 mM MgCl2 and 2 U Hot FirePol (Solis 
BioDyne). PCR conditions were set to 15 min. initial denaturation at 95 °C followed by 
30 cycles denaturation at 95 °C for 30 sec., a primer-specific annealing-temperature 
(Table 1) for 45 sec., extension at 72 °C for 45 sec., followed by eight cycles of 30 
sec. at 95°C, 45 sec. at 53 °C, 45 sec. at 72 °C, and a final extension at 72 °C for 10 
minutes. Twelve primer pairs did not reveal an amplification product, eight were not 
polymorphic, and five showed varying degrees of variability (Table 1) across the P. 
suffruticosa set (N=18). These results were also observed across “hybrid-“ (N=7) and 
the “reference set” (N=7). 
Fragments derived with both methods were analyzed on an ABI 3130xl Genetic 
Analyzer. Sizes were extracted using PeakScanner 1.0 (Applied Biosystems, foster 
City, California, USA) and allele calls were performed in Excel using the summary 
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statistics function of PopTools – PlugIn (Hood, 2005) which produces a frequency 
histogram. This histogram was further used for manually verifying the alleles. 
Observed heterozygosity was calculated using PowerMarker (Liu and Muse, 2005). 
Table 2 shows the characteristics of eight polymorphic SSR-markers amplified in 32 
Paeonia individuals from three different Austrian collections. The collections also 
included two individuals from Paeonia sect. Paeon. Number of alleles ranged 
between two and six with values for observed heterozygosity from 0 to 1. Due to the 
fact that we were studying collections and not natural populations, parameters like 
Hardy Weinberg Equilibrium and expected heterozygosity were not calculated. 
 
CONCLUSIONS 
We have isolated eight highly polymorphic microsallelite markers for P. suffruticosa 
with the ability to cross amplify in P. ostii, P. pontaninii var trolloides, P. delavaii, P. 
lutea and and two herbaceous species P. tenuifolia and P. peregrina.  The available 
SSR loci could prove useful for future genetic studies not only in P. suffruticosa but in 
other members of the Paeoniaceae family. The ability of the present marker set to 
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Table 1. Characteristics of eight poly- and 18 monomorphic microsatellite primers 
developed in Paeonia suffruticosa. Shown for each primer pair are the forward and 
reverse sequence, repeat type, size of the original fragment (bp), annealing 
temperature when run individually (Ta) and the GenBank accession number. All 
values are based on 32 samples representing Austrian collections located in Vienna 
(N = 7-18 for each). An asterisk indicates primers developed from enriched libraries, 
underlined primers are polymorphic. 
Primer Sequence Repeat Size Ta GeneBank 
PAG1* F: AGTGGTGGAAGATTGGAC 
R: AAATACTCCGTCTTAGTGTGAA 
(AG)24 211 55 EU678295 
PAG16A* F: TCAATGATTACTCTCGTAT 
R: TCCTTAACTCATCTTTACTC
(TC)16 322 50 EU678299 
PCA1* F: TAGTCAGTCGTAGCTAGCATAGGCA 
R: GATGGCCACCTATAGAAAAGAATCA 
(GT)20 142 60 EU678305 




102 60 EU678296 




192 52 EU678297 




205 55 EU678298 





243 55 EU678300 
PAG237C* F: TTGAATATGGGCCAAACTTTA 
R: GAGGGAGTCTGACGAAGATG 
(TC)10 124 57 EU678301 
PAG24* F: ATTTCATCGATGGCATATTCCC 
R: TCTCAATCAAAATGGGCACC 
(TC)10 238 56 EU678302 




139 58 EU678304 




261 52 EU678306 




349 52 EU678307 
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PCA46* F: GATATGCTTGTGATAAGTG 
R: TCATTAAGATGGCACTAA CAA 
(GT)13 124 54 EU678308 
AT8051 F: GGTATCAATCCGTGTGC 
R: GCGAAAATTTAGATGAGTGT 
(AT)5 190 50 FE528051 
AG8073 F: TCAGCTAATATGGGTGTTTC 
R: ATCAAAGTGGAAGTTCTACAGT 
(AG)10 226 50 FE528073 
ATG9706 F: TGCACCCAAGGAGGAG 
R: CCATGATAAAAACACCCAAAG 
(ATG)5 182 58 FE529706 
ACG9797 F: GGTCGCTGGGTGTTC 
R: GTTGGAGTTGGAGAGGTTG 
(ACG)8 192 55 FE529797 




201 53 FE528918 
ACC2C1 F: TGCACCCAAGGAGGAG
R: CCATGATAAAAACACCCAAAG 
(AC)5 244 58 FE529049 
ACC8347 F: GAGGGGAGCAAGAAGAT
R: TAAACAGACCAAATCCAAAG 
(ACC)4 208 54 FE528347 
AAAAG9656 F: GCAACGGAAGAAAAGAAAAG
R: GTTTGGGTCCATATTACACTCT 
(AAAAG)3 238 56 FE529656 
AAATG8335 F: GGGGGAGTTCAGATGTGTGG
R: CACGGCGAGGAGACGATT 





















165 53 FE529808 
 
Table 2. Results of initial primer screening in collections of Paeonia Sect. Moutan and 
Paeon. Shown for each polymorphic primer pair are the number of alleles (A), and 
mean values of observed (Ho) heterozygosity. The sample size for each population is 
shown in parentheses. 
 No. of alleles Observed 
heterozygosity 
Suffruticosa collection (N=18)   
 PAG1 6 0.81 
 PAG16A 6 0.40 
 PCA1 6 0.81 
 AT8051 2 0 
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 AG8073 3 0.33 
 ATG9706 2 0.11 
 ACG9797 4 0.44 
 C-8918 2 0.06 
Hybrid collection (N=7)   
 PAG1 4 0.50 
 PAG16A 7 0.50 
 PCA1 3 0.75 
 AT8051 2 0 
 AG8073 2 0 
 ATG9706 2 0.57 
 ACG9797 3 0.29 
 C-8918 3 0.14 
Reference collection (N=7)   
 PAG1 2 0 
 PAG16A 5 0.80 
 PCA1 3 0 
 AT8051 5 0.29 
 AG8073 5 1.00 
 ATG9706 2 0.14 
 ACG9797 4 0.29 
 C-8918 2 0 
 
APPENDIX Taxa used in this study. all specimens cultivated in Botanical Gardens in 
Vienna. Specimens are deposited in the following herbaria: Botanical Garden. 
University of Vienna = BG. Alpengarten. Belvedere = AG 
 
Taxon; Voucher number; Collection locale; Herbarium. 
 
Paeonia. Suffruticosa; WU 23164; W. Austria; AG. P. ostii; W. Austria; AG. P. 
pontaninii var trolloides; W. Austria; AG. P. delavaii; WU 23162; W. Austria; AG. P. 
delavaii; WU 33864;W. Austria; BG. P. lutea; W. Austria; BG. P. tenuifolia; WU 
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Figure 1. Cladogram constructed with the UPGMA method, established 
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2.2 The organellar genomes 
Plant cells contain different DNA containing subcellular compartments 
(organelles: chloroplasts and mitochondria), which serve distinct physiological 
functions. One of these organelles, the mitochondrion, provides most of the non-
photosynthetic energy required in the cell. Mitochondria contain their own genome, 
which is 10–150 times larger in plants than in animals, but encodes only a limited 
number of vital gene products. During evolution, many mitochondrial genes have 
been transferred to the nuclear genome (Song et al., 2008) leading to a situation that, 
when using mt markers in population genetic analysis, one has to test the uniparental 
mode of inheritance and true localization of the DNA fragments used in the analysis. 
According to the endosymbiont theory not only mitochondria but also chloroplasts 
originate from unicellular organisms that have been acquired by the plant cells in 
early evolutionary developmental stages (Moustafa et al., 2009). Chloroplasts serve 
as the green power plants of plant cells capturing light and converting CO2 and water 
into carbohydrates as energy source for the plant. Like mitochondria, chloroplasts 
have their own DNA encoding for several tens of genes. Other than in mitochondria, 
the chloroplast genome is quite conserved in sequence as well as structure across all 
plant species. Chloroplasts as well as mitochondria show uniparental inheritance, 
mostly both being transferred from the mother to the progeny (F1) generation, with 
some percent of leakage in the cp as well as the mt genome transfer (McCauley et 
al., 2007; Pearl et al., 2009). 
In plants, gene migration occurs through pollen as well as through seeds. Their 
impact on genetic population structure and variation differs depending on the mode of 
pollen dispersal (wind or insect) as well as the way seeds are dispersed. However, 
they are important to the adaptation and adaptability of a species (Ellstrand & 
Schierenbeck 2000; Kane & Rieseberg 2008; Slatkin 1987). For example, in forest 
management, knowledge of dispersal is of practical importance because foreign 
pollen introgression can reduce the genetic gain in seed orchards and breeding 
programs or alter the composition of open-pollinated families (Ellstrand 1992; Nason 
et al., 1992). 
Due to the uniparental inheritance of both chloroplast and mitochondrial DNA, 
they are a source of unique markers that are very useful for phylogenetic and 
population genetic studies (Karp et al., 1997; Petit et al., 1993; Petit et al., 1997c). 
Both cp and mtDNA are conserved in their evolution, and evolve slower than nuclear 
DNA in angiosperms. Advances in the development of uni-parentally inherited 
markers for different plant species have opened a new way to assess the different 
impacts of seed and pollen dispersal. Such approaches have revolutionised the 
application of genetic markers to the study of both ecological and evolutionary 
processes. In animal studies, the development of techniques for the study of mt DNA 
has proved to be of particular importance, owing to the relatively rapid rate of base 
substitution and non-recombining maternal inheritance of the mtDNA molecules 
(Lynch et al., 2006; Palmer 1990). These characteristics enable the construction of 
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phylogenetic relationships among haplotypes, adding a historical perspective to 
population genetic studies that traditionally were more difficult to obtain from 
frequency data (e.g. allozymes).  
Mitochondrial DNA (mtDNA) has been less applied for phylogeographic studies in 
plants, because of relatively low rate of nucleotide substitution in the molecule and 
frequent rearrangements of the genome (Palmer 1990) leading to the fact that it isn’t 
conserved in structure (Hanson & Folkerts 1992) which makes marker development 
and transfer of markers between species time consuming (Bereiter-Hahn et al., 
2008). Therefore, most phylogeographic studies in plants have assessed variation in 
chloroplast DNA (cpDNA) as it evolves slowly and exhibits little structural variation 
below the species level. Based on known cpDNA sequences, universal primers for 
cpDNA have been developed that target non-coding regions within the cp genome 
where mutation rates are relatively high (Ferris et al., 1995a; Taberlet et al., 1991). 
CpDNA markers have been largely used for phylogenetic inferences (Olmstead & 
Palmer 1994) and to some extent, for within-species genetic studies (Latta 2004; 
Latta & Mitton 1997; Soltis et al., 1997). Comparison of patterns of variation between 
paternally inherited and nuclear-inherited markers allow inferences about pollen 
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2.3 The Chloroplast DNA – specific work 
 
Fig 10: The complete chloroplast genome sequence of 
Citrus sinensis (L.) Osbeck var 'Ridge Pineapple' (from 
(Bausher et al., 2006)  
2.3.1 Introduction 
 
Chloroplasts are organelles found in plant cells and other eukaryotic organisms 
that house the photosynthetic apparatus. Chloroplasts capture light energy to 
conserve free energy in the form of ATP and reduce NADP to NADPH through a 
complex set of processes called photosynthesis. In addition to photosynthesis, 
important metabolic activities take place within chloroplasts including the production 
of starch, certain amino acids and lipids, vitamins and several key aspects of sulfur 
and nitrogen metabolism. 
Chloroplasts are thought to originate from independent living cyanobacteria 
(Keeling 2004) that have been aquired by the plant cells. The endosymbiotic theory 
was first articulated by the Russian botanist Konstantin Mereschkowski in 1905. Ever 
since there has been more and more prove that this hypothesis might be correct 
(Moustafa et al., 2009). 
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Chloroplasts possess their own genome and a full complement of transcriptional 
and translation machinery to express their genetic information. In all 170 
angiosperms and land plants investigated so far (Cui et al., 2006), the size of the 
cpDNA ranges from 120–160 kb with three exceptions: (N. accuminati 171kb, 
Duckweed 180kb, Geranium 217kb).  
All cpDNA molecules are circular. The presence of nucleic acids within 
chloroplasts was first reported in 1963 by Sager R and Ishida. This subsequently led 
to the selection of cpDNA as one of the first candidates for complete genome 
sequencing (Sugiura 2003). Studies of the organization and evolution of chloroplast 
genomes have been rapidly expanding due to the availability of the number of 
completely sequenced genomes published in the past decade. Comparative studies 
indicate that chloroplast genomes of land plants are highly conserved in both gene 
order and gene content (Petit et al., 1997b) possessing on average 100 genes per cp 
genome.  
Cp DNA is maternally inherited in most angiosperms, with a few exceptions like 
biparental inheritance in Epilobium hirsutum, Medicago sativa, Pelargonium and 
paternal inheritance in Daucus and Oryza (Reboud & Zeyl 1994). The population of 
chloroplast DNA in a plant species is generally homogeneous. Generally it has a 
highly conserved organization (Olmstead & Palmer 1994; Palmer et al., 1983; Palmer 
& Stein 1986b), with most land plant genomes composed of a single circular 
chromosome with a structure that includes two copies of a long inverted repeat (IR) 
that separates large and small single copy regions (LSC and SSC; see Fig 1) 
(Bausher M. et al., 2006, Daniell H et al., 2006). Data from genome sequencing 
projects have demonstrated that fragments of the chloroplast DNA are present in 
both the nuclear and mitochondrial genomes (Cullis et al., 2009a; Cummings et al., 
2003; Huang et al., 2003). This DNA is still being actively transferred from the 
chloroplast to the nucleus in an ongoing and frequent process (Cullis et al., 2009b; 
Huang et al., 2003). 
Recently, chloroplasts have caught attention by developers of genetically 
modified plants. In most flowering plants, chloroplasts are inherited from the female 
parent (Ruf et al., 2007) although in plants such as pines, chloroplasts are inherited 
from the male parent (Powell et al., 1995). Chloroplast bioengineering offers a 
number of advantages over nuclear transformation including high levels of transgene 
expression and gene containment as chloroplasts cannot be disseminated by pollen 
(Daniell et al., 2004). Transgene integration into the chloroplast genome occurs 
exclusively by homologous recombination of chloroplast DNA flanking sequences. 
Therefore, chloroplast genome sequence analysis is crucial for identification of 
regions into which transgenes should be ideally integrated. This makes plastid 
transformation a valuable tool for the creation and cultivation of genetically modified 
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2.3.2 Cp DNA marker development and application 
 
Two DNA features of the chloroplast DNA have widely been exploited for marker 
applications in population genetic studies – SSRs and InDel variation in the LSC 
region. SSR markers in the chloroplast genome have largely been applied as 
informative markers for phylogeographic studies and to study conifer genetic diversity 
to detect spatial genetic differentiation related to the possible recolonization 
processes in the postglacial period (Cato & Richardson 1996; Troupin et al., 2006; 
Vendramin et al., 2000b). 
Several authors have described the use of "universal" primers for PCR from 
chloroplast DNA, i.e., primers that amplify DNA fragments from many species in a 
genus, family, or even higher taxonomic groupings (Dumolin-Lapegue et al., 1999b; 
Grivet et al., 1999; Hamilton et al., 1999; Taberlet et al., 1991). Usually, such primers 
are based on conserved DNA sequence in exons. Therefore the majority of the 
published primers are located in the LSC region, in genes directed towards the 
intergenic regions or spacers which are more variable than the exons (Dumolin-
Lapegue et al., 1999a; Heinze 2007). Thus, using these primers one can amplify the 
non-coding regions via PCR for evolutionary studies and for identifying intraspecific 
genetic markers (Taberlet et al., 1991). The PCR-RFLP as an analytical method 
allows detection of variation within the amplified fragments as it detects mutations 
mediating gain or loss of a particular restriction site without sequencing. This high 
resolution technique has lead to the wide spread use of these markers. The 
technique involves the digestion of amplified PCR product by restriction enzymes, 
and the visualization of the products on ethidium bromide stained agarose gels or 
silver stained polyacrylamide gels (Karp et al., 1997; Petit et al., 2002). In order to 
ease access to sequence and primer information, a comprehensive database has 
been set up by Heinze B. (Heinze 2007) compiling all necessary information on 
primers for cpDNA investigations reported by various authors. 
The chloroplast information has been utilized to investigate plant evolution as well 
as diversity and phylogenetic relationships between different species. Phylogenetic 
studies as well as population studies (Burnier et al., 2009; Chappell et al., 2008) have 
been conducted, phylogeography and post glaciation colonization of species has 
been assessed (Feleke et al., 2006; Ferris et al., 1995b; Ikeda et al., 2008; Johnk & 
Siegismund 1997; Kim et al., 2009; Marchelli et al., 1998; Neale et al., 1988; Petit et 
al., 1997a), and the markers based in the LSC region of the cp genome have been 
used for the identification of hybrids (Kim et al., 2009; Lexer et al., 2004). 
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2.3.2.1 A Chloroplast marker system for studying genetic variation in 
Populus nigra L. 
 
Fluch S., Krystufek V., Burg K. 
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Abstract 
Populus nigra L.  , which is a unique pioneer species of the riparian ecosystem, is 
widely distributed throughout Europe and Asia. Due to the loss of its natural habitat 
(drainage and management of rivers and riverbanks) this species has become highly 
endangered in its diversity. However, P. nigra is not only a valuable species of 
ecological importance, but it is also of economical relevance, since it serves as 
crossing partner for commercially used, highly productive hybrid poplars. Therefore, 
conservation strategies have to be established based on firm scientific data.   
For the estimation of the existing genetic variation among natural populations of 
P. nigra, we chose a marker system based on the chloroplast DNA sequence from 
tabacco for primer planning. Using a subset of universal primers (B. Demesure et al., 
1995; S. Dumolin-Lapegue et al., 1997) as well as other regions partly described in 
literature, we performed PCR-RFLP analysis detecting the fragments by silverstained 
native polyacrylamide gels. In order to clarify the nature of the detected variations, 
the regions of interest were cloned and sequenced. Sequence analysis showed that 
different types of mutations are present in the analysed fragments. Very frequently 
variation in polyA regions is causing the observed variation in the banding pattern. 
Sometimes also insertions and deletions were detected as a source for variation. 
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Comparing sequence data with the banding pattern produced by PCR-RFLP it turned 
out that with the system chosen, not only fragment length variation, but also 
conformational polymorphisms could be detected. 
Introduction 
Riparian ecosystems are valuable elements for controlling rivers hence due to 
extensive river regulations, these natural habitats and their most important plants are 
endangered. Populus nigra L.   is one of the main trees of such systems, germinating 
on poor sandy soils along the riverbanks. In order to work out strategies for 
conservation as well as for reforestation, it is necessary to know more about the 
genetic diversity still existing in natural populations.  
There are different ways of estimating genetic diversity on DNA level using 
molecular techniques. Maternally inherited chloroplast (cp)DNA proved to be an 
appropriate tool (Petit et al 2002) for measuring the genetic variation on a larger 
geographical scale. Due to the uniparental inheritance of the cp DNA, there is no 
recombination occurring in this genome, making it appropriate for phylogenetic 
studies as well as inter species hybridisation analysis.  
The organisation of the organellar cpDNA is highly conserved among higher 
plants, offering the opportunity of applying a set of universal primers on various plant 
species (B. Demesure et al., 1995; S. Dumolin-Lapegue et al., 97, Grivet et. al. 2001) 
for amplifying relatively long variable stretches of intergenic regions by PCR. The 
sequence of the tobacco cp genome serves as a basis for primer planning.  
Material and Methods: 
For the dertermination of different cytotypes in the cpDNA of black poplar, 
universal PCR primers planned for the chloroplst genome of Nicotiana tabacum from 
different sources (Heinze 1998, Samuel et al., 1997, B. Demesure et al., 1995; S. 
Dumolin-Lapegue et al., 1997, Weising 1999), were given a trial on total DNA 
extracted from leaf material of 35 Populus nigra L.   individuals of the EUFORGEN 
core collection. In total 5 primer combinations proved successful for the amplification 
of different regions of the chloroplast genome (Table 1). The primers DT, TF, ORFM 
and 17/20 were working without any modifications and the generated PCR fragments 
could be used for further investigation with restriction enzymes right away. The 
primers CD produced a weak PCR product with high background smear. To develop 
a better primer pair for the CD region, the specific fragment was cloned and partly 







                                                       cpDNA marker development and applicationin black Poplar  
112 
 





Primer sequence 5‘-3‘ 
fwd 
Primer sequence 5’-3’ 
rev 
DT approx. 800bp ACC AAT TGA ACT ACA ATC CC CTA CCA CTG AGT TAA AAG GG 
CD* approx. 2300 bp TTC CCG GTA GCA CAT ACA CA TTG GGC TGC TTT GAT GGT AG 
TF approx. 1500 bp CAT TAC AAA TGC GAT GCT CT ATT TGA ACT GGT GAC ACG AG 
ORFM
** 
approx. 1040 bp CTT GCT TTC CAA TTG GCT GT CAT AAC CTT GAG GTC ACG GG 
17+20
*** 
approx. 800pb GAA GTA GTA GGA TTG ATT CTC CCC TAC AAC TCA TGA ATT AAG 
*     newly developed poplar specific primer pair 
**  Amplified by the primers Orf62-P and trnfM  (Heinze 1998) 
*** Amplified by the primers atpBsam and rbcLsam (Samuel et al., 1997) 
 
In order to detect variation within the different amplified chloroplast regions a 
PCR-RFLP assay was set up, testing up to 10 different restriction enzyme per region 
in order to select the enzymes most suitable for the subsequent population analysis 
(Table 2). PCR-fragment digests were subsequently analysed on 35cm long, 8% non 
denaturing polyacrylamide gels, run at 18 V/cm and 15°C, followed by silver staining 
of the DNA fragments. 
Table 2: Selected fragment – enzyme combinations  
Fragment Enzymes 
CD TaqI, EcoRI 
DT MnlI,  
TF TaqI, MnlI 
ORF-M EcoRI,  
17+20 Hinf I 
 
Sequence analysis of some of the different cytotypes detected in the investigated 
samples was performed after cloning the PCR fragments (TA-cloning kit, Invitrogen) 
using an ABI 373 automated sequencer. Sequence alignments were performed using 
DNASIS software version 2.5. 
Results and discussion 
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To identify primer combinations suitable for amplifying intergenic regions of the 
P.nigra chloroplast genome a total of 20 primer combinations out of 7 different 
regions of the LSC (Large Single Copy) region have been tested. Out of these, 5 
primer pairs were selected for the determination of different cytotypes in the cpDNA 
of black poplar, which were subsequently digested with 1 or 2 restriction enzymes 
each.  
Investigating 35 trees from the European wide collection (EUFORGEN core 
collection) of black poplar, we were able to identify 20 different haplotypes (Table 3), 
using the fragment/ enzyme combinations described above. Among the detected 
variation, two trees always showed a distinct different banding pattern form the other 
P.nigra individuals. Comparing the banding pattern of these two Romanian samples 
(ICAS 3, ICAS 4) with fragments detected in other species of  poplar, it turned out 
that the observed pattern resembles the one found in P. deltoides. Therefor we 
assume that these 2 individuals might be hybrids of P. deltoides, pollinated with 
P.nigra. Investigating samples originating from accessions all over Europe, we found 
that there is little overall variation on cpDNA level. Especially accessions from central 
Europe show little variation compared to samples from south Eastern Europe with 
Spain having the highest variability present in its natural population based on cpDNA 
analysis.  
In order to characterise the molecular basis of the detected variability in the 
chloroplast genome, 17 fragments from different haplotypes identified within these 35 
trees, have been cloned and sequenced (Table 4). From the sequence analysis of 
the various fragments we conclude that many of the variations detected on the 
silverstained PAGE were due to only one or a few basepair changes (deletion, 
insertion, single base pair mutation) which led to a change in the conformation of the 
detected fragments. Therefore, the fragments do not migrate to the positions on the 
gel corresponding to their actual size, but rather to a position reflecting their bare pair 
composition. Very often variation was found in poly A stretches within the fragments, 
where of An was up to 3bp different between the investigated haplotypes. Only 
fragment ORF-M showed an insertion/deletion situation within a region of 200bp 
length (Fig.1).  
From our studies, we can conclude that regions of the cp genome of P.nigra, as 
already proven in studies with other species (Demesure 1997 (not in ref.list), Heinze 
1998, Lagercrantz 1997?, King 1998), are applicable for biodiversity studies. 
Furthermore this system is capable of detecting naturally occurring hybridisation as it 
is clearly marking the maternal genome, even after several events of backcrossing. 
Especially fragment DT proved to be informative for this purpose, as it shows a 
relatively big difference in size among different species of poplar. In addition we 
proved by sequencing, that a lot of the detected variation using the native PAGE 
system, is due to point mutations as well as microsatellite (polyA) variations in the 
investigated regions (Echt et al.,1998, Vendramin et al., 1999). In various studies in 
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conifers, these variable regions were used for population genetic studies by only 
amplifying the microsatellite region. 
Table 4: Cloned and sequenced fragments 
fragme
nt 
Trees from Euforgen collection 
TF SEEFAR_PAZARDZIK_N1,FBS_87/65_OFFENBURG_, IZT_NS002 
ORF-M IBW_N009, SEEFAR_PAZARDZIK_N1, FBS_87/65_OFFENBURG_ 
DT IBW_N009, FBS_87/65_OFFENBURG_, FCRA_HUNTINGDON, FF_V336, 
IZT_NS001 
17+20 IBW_N009, SEEFAR_PAZARDZIK_N1; FBS_87/65_OFFENBURG_; 
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IBW_N004 BEL a a a a a a A 
IBW_N009 BEL a a a a a a A 
SEEFAR_PAZARDZIK_N1 BGR b d b b b b B 
SEEFAR_SVICHTOV_N2 BGR a b a a a b C 
FBS_215/63_JUGENHEIM GER a a a a a a A 
FBS_87/65_OFFENBURG_ GER c a d c c c E 
SIA_PA1 ESP c a c c c d F 
SIA_LUC2 ESP c a d c c d G 
INRA_71017-401 F c c d c c e D 
INRA_92510-1 F c a d c c e H 
FCRA_HUNTINGDON GBR a a a a a a A 
FCRA_HOBSONS_CONDUIT GBR a a a c c e J 
FF_V336 HRV a a a d a a K 
FF-V408 HRV a a a a a a A 
ERTI_33-3-1 HUN a a a a a a A 
ERTI-33-3-2 HUN a a a a a a A 
ISP N068 ITA a a a a a a A 
ISP_N351 ITA d a e - d -  
IBN_1238 NLD c a a a a b M 
IBN1792 NLD a a a a a a A 
POL_TORUN_B POL a a a a a a A 
POL_KORNIK POL a a a a a a A 
LVU_BAKA SVK a a a a a a A 
LVU_IVACHNOVA SVK a a a a a b O 
KAE N90.013 TUR b d b f b f P 
IZT_NS002 YUG c c f c c e Q 
IZT_NS001 YUG e e a e a a R 
FBVA_LH_HL55 A a a a a a a A 
VULHM 88044 CZE a a a a a a A 
VULHM 88045 CZE j a a a a a I 
ICAS_3 ROM f f g g e g S 
ICAS_4 ROM f f g g e g S 
ICAS_5 ROM g a a e a a T 
ICAS_6 ROM a a a a a a A 
UKR_B12 UKR a a a a a a A 
Σ 35 individuals         
variations detected   7 6 7 7 5 7 Σ 20 
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2.3.2.2 Postglacial migration of Populus nigra L.: lessons learnt from 
chloroplast DNA 
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Eleven laboratories have collaborated to study chloroplast DNA (cpDNA) variation 
in black poplar (Populus nigra L.) across Europe in order to improve our 
understanding of the location of glacial refugia and the subsequent postglacial routes 
of recolonisation. A common analysis based on the restricted fragments produced by 
five primer pairs was used to determine the cpDNA haplotype of 637 samples 
obtained from genebank collections established in nine European countries. 
Haplotype 2 was particularly common and was found in 46% of the non-hybrid 
samples. A total of 81 non-hybrid chloroplast variants weredetected. Three 
haplotypes (from four trees believed to originate from Eastern Europe) clustered 
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together and were very different from the rest of the samples. The remaining samples 
were divided into two groups, one of which had a largely eastern distribution and 
samples from the other group were mostly located in the west. This, along with the 
fact that Spain in the southwest and Austria and Italy in the southeast had high 
diversity, suggest that there were ice age refugia of black poplar in both southwestern 
(Spain) and southeastern Europe (Italy and/or Balkan). Results also indicate that the 
Pyrenees formed a significant barrier, since only 7 of the 45 haplotypes in Spain exist 
elsewhere in Europe. 
 




European black poplar (Populus nigra L.) is a pioneer species of riparian 
ecosystems. Flowers are wind pollinated and seed is largely wind dispersed. 
Vegetative propagules are disseminated both by water and by human activity. 
Regeneration of P. nigra by seed takes place through colonisation of newly perturbed 
sites and scattered trees are more frequent than huge stands. The species has a 
natural distribution ranging from North Africa and Ireland in the west, across to 
Russia and China in the east (Zsuffa, 1974). The abundance of black poplar is 
threatened due to the loss of its natural habitat by urbanisation, drainage of wetlands 
for agricultural use and canalisation of rivers for flood prevention. At one time its 
wood was highly prized because it is lightweight, resistant to fire and has excellent 
shock absorbing qualities. As a result, it has a long history of use for clogs, fruit 
baskets, furniture, flooring sheep hurdles and wagons. However, human mediated 
propagation of the species declined in the 19th century when the faster growing 
hybrid P.x - euramericana was introduced to northern Europe. P. nigra is now 
recognised to be endangered and it has, therefore, been listed as one of the 
important species in need of conservation in the Strasbourg resolution of 1990 for the 
protection of forest trees in Europe (Anonymous, 1990; Arbez and Lefe`vre, 1997). 
Black poplar is an important component of interspecific poplar breeding programmes 
and both conservationists and tree breeders are aware of how important it is to 
protect the species.  
In an attempt to conserve the genetic diversity that remains within this 
endangered species several European countries have independently set up ex situ 
genebanks in which cuttings of native black poplars from within each country are 
grown. Since 1994, the co-ordination of national conservation initiatives at the 
European level has been achieved through the EUFORGEN Populus nigra Network 
(Lefevre et al., 1998). Among its different tasks for ex situ conservation, the Network 
has developed a European database of national genebanks (www.ipgri.cgiar.org) and 
a core collection of P. nigra clones has been established, which is representative of 
the whole geographic range of the species. This paper reports the results of a survey 
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of chloroplast DNA (cpDNA) variation in the genebanks in seven European countries. 
The original locations of the genotypes that were contained in the genebanks were 
used to determine the distribution of the various cpDNA haplotypes in Europe. The 
objective of this paper is to use this information to locate the postglacial refugia of 
black poplar and to determine the postglacial routes of colonisation of this species. 
Information regarding the distribution of cpDNA diversity is valuable in developing 
conservation policy as the colonising effect is known to have a major influence on the 
structure and distribution of existing diversity within a species. The amount of 
diversity within collections with nuclear markers (isozymes, AFLP, microsatellites is 
reported elsewhere (Storme et al., 2004)). The genebanks provided an excellent 
source of material based on collections made by people who were both 
knowledgeable regarding the locations of natural populations and able to distinguish 
P. nigra from hybrid material on the basis of morphology. This saved the time and 
expense of travelling throughout Europe to collect samples. The collections did 
however, have the disadvantage that only one sample per population was usually 
included and this prevented any comparison of within and between population 
diversity from being made. Also, in those genebanks, which had been set up as a 
breeding rather than a conservation resource, there had been no attempt to make an 
equal geographic sampling of the material which existed within each country. 
However, these aspects do not preclude an analysis of the distribution of chloroplast 
haplotypes in order to understand the recolonisation of Europe by P. nigra after the 
last ice age. 
Ice ages occur at regular intervals of 100,000 years with warm interglacial periods 
lasting 15–20,000 years as a result of instabilities in the earth’s climate caused by 
Milankovitch cycles (Bennett, 1990). Many trees common in northern Europe today 
survived these glacial periods as small, low-density populations in refugia in deep 
valleys between the mountains of southern Europe (Bennett et al., 1991). Fossil 
pollen maps of European deciduous oaks indicate refugia in southern Spain, 
southern Italy and the Balkan peninsula (Huntley and Birks, 1983; Bennett et al., 
1991). However, unlike other species, pollen records are of little value in determining 
the colonisation routes of P. nigra. This is partly because Populus pollen has been 
found to be present in very low quantities in sampled pollen cores and also because it 
is impossible to distinguish the pollen of P. nigra from that of P. alba and P. tremula. 
Therefore, there is, in poplar, a particular requirement for an alternative method to 
determine the postglacial routes of colonisation. This is now available in the form of 
cpDNA methodology, which offers a significant technological advance that can be 
used to provide the first insight into the postglacial colonisation routes of black poplar 
in Europe. 
Many universal primers have been developed for the chloroplast genome of 
Nicotiana tabacum (Heinze, 1998a,b; Samuel et al., 1997; Demesure et al., 1995; 
Dumolin-Lapegue et al., 1997; Weising and Gardner, 1999; Petit et al., 2002a). 
These regions of the chloroplast genome have provided useful information for 
 
 
                                                       cpDNA marker development and applicationin black Poplar  
120 
biodiversity in a range of species (Demesure et al., 1995; Heinze, 1998a,b; 
Lagercrantz et al., 1997; King and Ferris, 1998; Petit et al., 2002a,b). In these 
species, the uniparental mode of inheritance, the absence of recombination and the 
low mutation rate make this genome an appropriate source of markers for 
phylogenetic studies as well as for the study of postglacial routes of colonisation. 
Maternally inherited genomes are more geographically structured, due to limited seed 
dispersal compared to pollen movement (El Mousadik and Petit, 1996). The cpDNA 
genome has been extensively studied in poplar using both the RFLP and the PCR 
approach (Smith and Sytsma, 1990; Mejnartowicz, 1991; Rajora and Dancik, 1992, 
1995a,b,c; Sabsch, 1992; Vornam et al., 1994; Heinze, 1998a,b). Initial interest was 
directed at the development of species-specificmarkers and whereas Smith and 
Sytsma (1990) found no interspecific variation, several others demonstrated 
interspecific variation between P. nigra and P. deltoides (Vornam et al., 1994; Rajora 
and Dancik, 1995a,b,c; Heinze, 1997; Krystufek, 2001; Krystufek et al., 2002). 
Intraspecific variation was also detected in P. nigra, as well as in several other poplar 
species (Sabsch, 1992; Rajora and Dancik, 1995a; Heinze, 1998a; Krystufek, 2001). 
In many cases this intraspecific variation was dependent on the geographic origin of 
the maternal line of the tested material. The maternal inheritance of cpDNA in poplar 
was first demonstrated in controlled crosses by Mejnartowicz (1991), and this mode 
of inheritance was later confirmed by Rajora and Dancik (1992). However, in a later 
paper Rajora and Dancik (1995c) questioned the finding that cpDNA is entirely 
maternally inherited in poplar. The variants found in the P.  - euramericana hybrids 
that were studied had not been detected in any P. deltoides, which had previously 
been studied. This finding did not fit with the belief that this species had acted as the 
maternal parent of these hybrids. Rajora and Dancik (1995a) suggest that this 
represents evidence that cpDNA is not entirely maternally inherited in poplar and that 
there may be parental recombination in P.  - euramericana hybrid clones. This is an 
important consideration, as it would render the cpDNA molecule unsuitable for 
phylogenetic studies in poplar. This phenomenon has been detected in other species 
but not in any other studies involving poplar. Heinze (1998b) is sceptical that these 
results do indeed present evidence of cpDNA paternal leakage. Instead, he suggests 
that the results may be due to the existence of undetected cpDNA variants in P. 
deltoides or to probe contamination. In addition, Heinze (1998b) points out that as 
these results are confined to one particular probe which covers a region which is 
known to be a mutation hotspot in other species and as these results were detected 
in hybrids they may reflect sequence instability in hybrids rather than evidence of 
paternal leakage of cpDNA. Therefore, taken in its entirety, the balance of evidence 
indicates that cpDNA in P. nigra is maternally inherited and therefore variation in the 
cpDNA molecule has been used in this paper to study postglacial routes of 
colonisation. Although no detailed data exist on the distribution of cpDNA variation in 
black poplar such information exists for Alnus glutinosa L. (black alder), which is also 
a wind pollinated tree species of riparian and waterlogged habitats (King and Ferris, 
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1998). Alder is common in Europe and the Mediterranean and extends as far as the 
mountains of Turkey and North Africa. The cpDNA results show that most of northern 
Europe was colonised from a refuge in the Carpathian region (Hungary and 
Romania), although two further refugia in Spain and Turkey are suggested. One of 
the objectives of the current study was to determine whether current populations of P. 
nigra, a species, which has much in common with black alder in ecological terms, 
originate from the same refugia. Additionally, this study aimed to determine how the 
diversity in cpDNA haplotypes is distributed across Europe.  
 
2. Materials and methods 
2.1. Material 
A consortium of 11 laboratories in 9 European countries participated in this EU 
funded project. One of the project objectives was to develop appropriate cpDNA 
markers that could be used to assess the diversity, which had been captured in the 
genebanks set up by each country for ex situ conservation of P. nigra. A total of 637 
samples from genebanks in seven countries were analysed (Table 1). Detailed 
information about sampling locations is available on the EUFORGEN web pages. 
 
2.2. DNA extraction and analysis 
DNA was extracted from young leaves using QIAGEN plant Dneasy mini kits 
according to the manufacturer’s instructions (http://www.qiagen.com). Details of the 
genebanks and the number of samples analysed by each laboratory are listed in 
Table 1. The five primer pairs that were used in the study are described by Fluch et 
al., (2002) and are listed inTable 2. The optimised cpDNA primers and appropriate 
restriction enzymes (Table 3) were optimised for P. nigra in the Austrian laboratory 
and distributed to the other participating laboratories with detailed instructions on how 
to perform the analysis. The EUFORGEN Core Collection (Vietto, 2000) was used to 
provide reference samples against which banding patterns from the genebank 
samples could be compared. Several hybrid and non-hybrid P. nigra poplar samples 
were also included as references. Novel bands and new haplotypes, which were 
discovered in the course of the genebank survey, were checked by the Austrian 
laboratory before being included in the database. This precaution was implemented 
to reduce misscoring errors that might otherwise have arisen because the gels were 
run and scored in several different laboratories. Thegels showing the banding 
patterns obtained for each primer/restriction enzyme combination and the results 
obtained for the EUFORGEN core collection and a range of interspecific crosses are 
presented by Krystufek (2001). Unfortunately, in the current survey, some of the 
primer/restriction enzyme combinations failed in certain laboratories. In particularly, 
the ORFMEcoRI failed towork in the Italian laboratory, the DT MnlI failed with the 
Spainish samples and 17 + 20 HinfI failed in France. 
PCR reactions were set up in 25 ml aliquots using the following components: 15 
ml sterile distilled water, 2.5 ml 10 reaction buffer, 0.8 ml 50mM MgCl2, 0.4 ml W-1 
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(1%), 0.4 ml BSA (20 mg/ml), 0.365 ml dNTP (10 mM), 0.024 ml primer 1 (100 mM), 
0.024 ml primer 2 (100 mM), 0.3 ml Taq polymerase (5 U/ml) and 5 ml DNA (5:95 
dilution). The primers were supplied by Amersham Pharmacia Biotech and all other 
PCR components by Gibco BRL. The PCR conditions for DT, CD and TF were as 
follows: 95 8C for 15 min, followed by 40 cycles of (93 8C for 45 s, 55 8C or 58 8C 
(see Table 2) for 45 s and 72 8C for 2 min) followed by 72 8C for 10 min. For ORF-M 
there was an initial step of 95 8C for 15 min followed by 30 cycles of (95 8C for 50 s, 
55 8C for 50 s and 70 8C for 1 min) followed by 70 8C for 10 min. The PCR 
conditions for 17 + 20 were 95 8C for 15 min followed by 20 cycles of (95 8C for 50 s, 
58 8C for 50s with a reduction of 0.5 8C per cycle and 72 8C for 1 min 45 s) followed 
by a further 20 cycles of (95 8C for 50 s, 50 8C for 50 s and 70 8C for 1 min 45 s) 
followed by 72 8C for 10 min. 
The PCR products were then digested using the restriction enzymes shown in 
Table 3. The 15 ml digestion mixture contained 2 ml 10 buffer, 0.5 ml restriction 
enzyme (10 U/ml) and 12.5 ml sterile distilled water. 5 ml of amplified PCR product 
was added to 15 ml of digestion mixture. Following digestion, 5 ml of bromophenol 
blue was added to 12.5 ml of digestion product and each sample was loaded on to a 
8% polyacrylamide gels. After electrophoresis at 250 V for 4.5 h the bands were 
visualised using a silver staining system. 
 
2.3. Phylogenetic analysis 
The data were scored as multistate, unordered characters in which each 
restriction fragment was a character and the multistates were the different sizes of 
each fragment. The most common fragment size was assigned as 1 and other size 
fragments were numbered in order of decreasing frequency. Two methods of analysis 
were applied to the dataset of 94 unique haplotypes. The first method involved the 
construction of a genetic distance matrix based on Jaccard similarity coefficients. All 
the points were then connected in a minimum spanning tree using the software 
package Genstat (Payne et al., 1993). This procedure connects haplotypes by direct 
links, which have the smallest possible total length (Prim, 1957). The data were also 
analysed using the Fitch algorithm in the PHYLIP 3.5 computer package 
(Felsenstein, 1993) in order to construct a phylogenetic tree. The Fitch analysis 
estimates phylogenies from distance matrix data using the ‘additive tree model’ 
where the distances are expected to equal the sums of branch lengths between taxa 
(Petit et al., 2002a). 
 
3. Results 
3.1. Classification and relatedness of cpDNA haplotypes  
The classification into individual haplotypes was complicated by the fact that data 
were missing for certain primer/restriction enzyme combinations in several countries. 
A strategy was therefore adopted where unique haplotypes were identified based on 
complete sets of data at all primer/restriction enzyme combinations. Samples with 
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incomplete data were then compared with haplotypes based on complete data sets. If 
a sample with an incomplete data set did not differ from a haplotype with a complete 
dataset it was considered to be the same haplotype but was given a suffix to indicate 
that this was based on an incomplete data set. For example, if a sample with a 
complete data set was called haplotype 1, a sample which matched this sample but 
had missing data at a given primer/restriction enzyme was called haplotype 1a. 
Another sample which also matched haplotype 1 but had missing data at a different 
primer/restriction enzyme was called haplotype 1b. Samples which had missing data 
but did not match a sample with a complete dataset were allocated a unique 
haplotype number. The list of haplotypes along with their banding patterns is 
presented in Table 4. A total of 94 unique haplotypes, based on six primer/restriction 
enzyme combinations, was detected in the 637 trees analysed in this study. 
The two methods used to assess relatedness, namely the minimum spanning tree 
and the Fitch analysis, largely agreed with one another (Fig. 1a and b). The 
haplotypes could be divided into four groups. With the exception of haplotype 90, 
both analyses clearly separated the samples that were suspected hybrids (on the 
basis of morphology) from the nonhybrid P. nigra samples. Haplotype 90, a 
suspected hybrid, had missing data and this may account for its unexpected position 
in the relatedness trees (Table 4). Alternatively, although it was suspected of being a 
hybrid it may in fact have been a pure black poplar. The hybrid haplotypes were 
called Group I. In total, this represented only 22 samples consisting of 11 haplotypes, 
which indicates that less than 4% of the genebank trees are hybrid in origin. The 
majority (73%) of these hybrid trees came the Belgian and Dutch genebanks. They 
consistently differed from the non-hybrids at CD EcoRI-1 and CD EcoRI-2 (Table 4). 
Their haplotypes were similar but not identical to those of P. deltoides x P. nigra 
controlled crosses tested by Krystufek (2001) using the same primer/enzyme 
combinations. This, combined with their morphology indicates that they were 
probably P. x euramericana hybrids. These 11 haplotypes were excluded from 
subsequent analysis for the determination of postglacial routes of colonisation. 
The relatedness analysis (particularly the Fitch) also clearly distinguished 
haplotypes 79, 80 and 81 as a separate group (Group II). This group consisted of 
three samples from Germany and one from Hungary. The original locations from 
which these samples had been taken was not recorded for the three German 
samples although when the records relating to the German genebanks were 
examined in more detail it emerged that the trees which were haplotypes 79 and 80 
were fastigiate in form. They were poplars that had been grown as ornamentals and 
were not native to Germany but were believed to be of eastern European origin. The 
distribution of the remaining samples is illustrated in Fig. 2a–d. These samples could 
be divided into two groups consisting of Group III, which had a largely eastern 
distribution and Group IV, which exhibited a more western distribution (Figs. 2 and 3). 
The division of the samples into Group III and Group IV shown in Table 4 is based on 
the minimum spanning tree analysis and the Fitch analysis largely, though not 
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entirely agrees with this division. The majority of samples belonged to Group IV. In 
the Fitch analysis the haplotypes from Italy (haplotypes 5, 13, 22, 23, 24 and 25) are 
located in an intermediate position between Group III and Group IV. In the minimum 
spanning tree some of the Italian haplotypes (haplotypes 23 and 24) cluster with the 
eastern European samples and the others (haplotypes 5, 13, 20, 22 and 25) group 
with samples originating from the west. The Italian samples have unique bands for 
several of the TF TaqI-1 and DT MnI-1 fragments (Table 4). It is therefore difficult to 
interpret how closely related these Italian samples are to the rest of the material that 
was analysed. 
Table 5 shows the number of non-hybrid haplotypes that were present in latitude 
categories of two degrees. The number of samples was different in each latitude 
category. However, a chi square test showed that there is statistically significant 
evidence (p < 0.01) to reject the hypothesis that the number of haplotypes depends 
on the number of samples regardless of latitude. The southern latitudes contained a 
higher diversity with fifty-one of the haplotypes being restricted to latitudes below 
468N. This large number is disproportional to the number of samples taken from this 
region and is consistent with the notion of glacial refugia in southern Europe. 
 
3.2. Distribution of haplotypes 
In total, the genebanks that were sampled contained 83 non-hybrid haplotypes. 
From this total, 50 were only represented by a single sample and a further 16 were 
only present in two or three samples. The distribution of the majority of haplotypes 
(85%) was restricted to a single country and only 11 haplotypes occurred in more 
than one country (Table 6). Thirtyeight haplotypes were restricted to Spain. In 
Austria, Italy, France and Germany between five and seven haplotypes occurred 
which were unique to one particular country. Northern countries also had some 
unique haplotypes with four in Belgium, three in the Netherlands and one in Britain. 
Hungary only had three haplotypes of which two only occurred there (Table 6). 
The most common haplotype was haplotype 2, which belonged to Group III. This 
was by far the most common haplotype in the whole survey and was represented by 
284 (46%) of the 615 non-hybrid samples that were analysed. It was abundant in 
Italy, Austria, Germany, Netherlands, Belgium and Britain whereas it was extremely 
rare in Spain and France and entirely absent from Hungary (Fig. 2a). It is impossible 
to know whether the samples from Italy truly belong to haplotype 2 as they have data 
missing at locus ORF-M so caution is needed in interpreting the presence and 
distribution of haplotype 2 in Italy. Haplotypes 35 and 52, which were borderline 
between Groups III and IV were restricted to the Netherlands. The other haplotypes 
which belonged to Group III (haplotypes 1, 3, 4, 6, 10, 11, 16, 17, 23, 24, 26, 28, 29, 
30, 32 and 77) had an almost entirely eastern distribution. An area along the Danube 
in northeastern Austria was particularly rich in diversity with eight haplotypes from 
Group III growing within a very small area (Fig. 2a). The majority of samples from 
Hungary belonged to haplotype 10 and this haplotype was restricted to Hungary with 
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the sole exception of one sample from Austria. If haplotype 2 and 52 are excluded, 
haplotypes, which belonged to Group III, only occurred in seven samples outside 
Italy, Austria and Hungary (Fig. 2a). 
Spain had the highest diversity with a total of 45 haplotypes of which 38 were 
unique to Spain. Of the remaining seven haplotypes only one (haplotype 2) occurred 
further east than the Netherlands and two (haplotypes 7 and 58) were restricted to 
France and Spain. Haplotypes 14 and 53 were common haplotypes, which occurred 
both within and beyond Spain. The 40 samples that were haplotype 14 were found in 
Spain, France and Germany and the 50 samples of haplotype 53 occurred in Spain, 
France, the Netherlands and Britain. 
Italy also showed quite a high diversity with nine haplotypes of which six were 
unique to Italy. The countries with the lowest diversity were Hungary with three 
haplotypes and Britain with three haplotypes. In Britain and the Netherlands, which 
are at the northwestern limit of the species, haplotypes from Groups III and IV grew in 




4.1. Postglacial refugia and routes of colonisation 
The phylogenetic analyses of all the European genebank samples clearly divided 
the non-hybrid haplotypes, which had a western distribution from those located in the 
east (Fig. 3). The Italian group was located between the eastern and the western 
samples. Haplotypes from the west were more similar to each other than to those 
found in the east and vice versa. This, along with the fact that Spain in the southwest 
and Austria and Italy in the southeast had high diversity, suggest that there were 
refugia of black poplar in both southwestern and southeastern Europe. The Iberian 
Peninsula is considered to have been a glacial refugium for other tree species such 
as Quercus (Jimenez et al., 1999; Goicoechea and Agu´ndez, 2000) and Pinus 
(Salvador et al., 2000) and Alba et al., (2002) suggested, on the basis of the high 
diversity detected in black poplar in Spain, that this may have acted as a refuge for P. 
nigra. The current analysis provides further evidence to support the idea that western 
refugia existed in Spain. The results indicate that the Pyrenees acted as an effective 
barrier to migration because only 6 of the 44 non-hybrid haplotypes detected in Spain 
existed elsewhere in Europe. The exact number and locations of Spanish refugia 
remains unclear. In an analysis of the Spanish results Alba et al., (2002) commented 
that the cpDNA diversity in the Ebro valley was much higher than in the Douro and 
Tagus valleys. The comparison of black poplar populations on these three rivers 
showed that 41 of the 45 haplotypes found were unique to the Ebro valley (Alba et 
al., 2002). The Ebro valley runs parallel to the Pyrenees in eastern Spain and 
eventually flows into the Mediterranean. In contrast, the other two rivers flow in a 
westerly direction across Spain and eventually into the Atlantic. The higher diversity 
in the Ebro valley may indicate that this area included some of the more important 
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glacial refugia of the species. Uncertainty regarding the exact location of Iberian 
refugia also exists in other tree species. For example, palynological evidence led 
Brewer et al., (2002) to propose that the Spanish refugia for oak were restricted to the 
extreme south of the country. However, Olande et al., (2002) point out that in Iberia, 
altitude and topography override the latitudinal effects on climate, bringing moisture 
to southern regions and mild temperatures to northern ones. Vegetation could have 
survived the glacial period in basal mountain valleys and deep gorges outside 
southern Iberia. They quote evidence to support the idea that other species, such as 
Corylus (Sa´nchez Gon˜ i and Hannon, 1999), may have survived in refugia located 
in deep gorges in the river Ebro basin. The results, therefore, highlight the need to 
perform a more structured sampling of Spain, perhaps for a number of tree species, if 
the exact locations of the refugia are to be identified. Such a survey would identify the 
regions of greatest diversity, which merit the most effort in terms of conservation. 
The exact locations of the eastern refugia are also difficult to identify accurately. 
The Italian peninsula contained many unique haplotypes and this lends support to the 
idea that this area acted as a refugium. The Alps appear to have acted as a barrier to 
the escape of most of the Italian haplotypes. There were also several unique 
haplotypes in eastern Austria and Hungary so the data also support the idea of a 
refugium somewhere to the east of Italy. The high diversity detected by  Bordacs et 
al., (2002a) in a population growing along the Danube River in Hungary is further 
support for this. It will be necessary to obtain additional material from locations south 
and east of Hungary to confirm the existence and location of this putative refugium. 
The presence of haplotype 2 throughout Italy and also in Austria but almost entirely 
absent from France is interesting. This pattern of distribution suggests that the Alps 
formed a very effective barrier to the movement of this haplotype into France but 
appeared to allow migration into Austria. Alternatively, this haplotype may have 
existed in more than one refugium, possibly in Italy and also in an area east of the 
Adriatic Sea in the Balkan region. The Balkan material could then have migrated 
northwards to colonise Austria without having to cross any major mountain ranges. A 
similar situation was found for an oak haplotype which occurs in both southern Italy 
and the Balkans (Bordacs et al., 2002b; Csaikl et al. 2002; Fineschi et al., 2002; Petit 
et al., 2002b). They suggested that the presence of a haplotype in both these refugial 
areas may have resulted from its migration across the Adriatic Sea in a previous 
interglacial period. This would have been possible because of the land bridge, which 
existed at this time. 
The phylogenetic analysis showed that three haplotypes (79, 80 and 81), which 
constituted Group II, were very different from the other haplotypes that were detected 
in the study.  Bordacs et al., (2002a) found that some of the Hungarian samples, 
which had a similar cpDNA fingerprint to these samples, produced the banding 
pattern typical of the ‘Thevestina’ clone when analysed using the Heinze (1998a,b) 
cpDNA marker. Haplotypes 79, 80 and 81 might therefore be distinct because they 
originate from the same area as ‘Thevestina’, which itself originates from the Central 
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Asian and Black Sea region and has been widely used as an ornamental tree. This 
highlights the need to extend the sampling to regions further east. 
The hypothesis that there were at least three refugia for black poplar is consistent 
with findings for other tree species (Taberlet et al., 1998). For example, in oak, 
refugia in Spain, Italy and the Balkans have been proposed (Dumolin-Lape`gue et al., 
1997; Ferris et al., 1998; Petit et al., 2002b). The three refugia are all thought to have 
provided material for postglacial colonisation of countries to the north. In contrast, 
beech and alder, share a refuge in the Carpathian region from whence most of 
Europe was recolonised. Both species also have unique haplotypes in southern Italy, 
which apparently did not spread across the Alps. The higher levels of cpDNA 
diversities in the southern compared to the northern populations found in P. nigra 
agree with previous phylogeographic results in other tree species such as Fagus, 
Quercus and Alnus (Demesure et al., 1996; Dumolin-Lapegue et al., 1997; King and 
Ferris, 1998). For example, twelve of the thirteen alder haplotypes detected by King 
and Ferris (1998) occur south of 458N latitude. Similarly in oak, of the 32 haplotypes 
that were detected 12 were restricted to regions below 458N, 3 occurred only above 
458N and 17 occurred in both northern and southern regions (Petit et al., 2002a). 
This is also true of P. nigra in which 50 of the 83 nonhybrid haplotypes are restricted 
to latitudes below 468N. Two possible reasons for this thinning of haplotypes from 
south to north have been suggested in the literature. Firstly, the large mountain 
ranges such as the Pyrenees, Alps and Carpathian mountains are all in Southern 
Europe and these may have acted as barriers preventing the majority of haplotypes 
from migrating northwards during postglacial recolonisation. Secondly, this reduction 
in diversity during expansion from refugia has been predicted for species that 
undergo leptokurtic (long distance) as opposed to normal dispersal (Hewitt, 1996). 
In her initial survey of cpDNA variation in the EUFORGEN Core Collection (based 
on a complete data from the seven loci used in the current study), Krystufek (2001) 
found that haplotype 2 occurred in all the countries tested in the Europop project 
except for France and Spain. This haplotype was also present in samples from as far 
east as Romania and the Ukraine. The great abundance of haplotype 2 may be a 
reflection of both the difficulty that black poplar experienced in escaping the refugia 
after the ice age and the subsequent rapid rates of colonisation. The viability of black 
poplar seeds is known to be extremely short lived and it has very exacting 
germination requirements found only along river valleys, which are flooded in winter 
(Barsoum and Hughes, 1998). Indeed, Imbert and Lefe`vre (2003) deduced from the 
isolation by distance pattern of the distribution of diversity within a single river system 
that seed dispersal in black poplar is not effective over a very long distance. This may 
have made it difficult for the haplotypes that had escaped across the mountain 
ranges to find land immediately beyond which was suitable for germination. The fact 
that black poplar readily propagates vegetatively may have assisted it to migrate 
across mountain barriers. The occasional transport of twigs over long distances by 
water, birds, beavers or man may have played an important role in the expansion of 
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the species from refugia. Haplotype 2 may have been the first to escape over the 
physical mountain barriers to establish founding populations beyond. The seed 
produced by these first generation trees would have had the opportunity to be spread 
rapidly by wind across the flat plains of Europe in the absence of other haplotypes. 
Although there are no palynological data for black poplar, data for other wind or water 
dispersed species such as Betula, Pinus and Alnus indicate rapid colonisation rates 
of 500–2000 m year -1 (Huntley and Birks, 1983). Other species such as oaks, which 
rely on birds for dispersal, spread at a slower rate of 350– 500 m year -1. 
Despite the fact that haplotype 2 predominated, there was relatively high diversity 
of cpDNA haplotypes in northern Europe. Presumably, many of the haplotypes, which 
escaped across the physical mountain barriers, successfully migrated northwards, 
albeit in lower density than haplotype 2. This pattern is quite different from that of 
oak, where no unique haplotypes are found in northwestern Europe (Ibrahim et al., 
1996). For species such as oak, the hypothesis is that rare, long distant dispersal 
events allowed single haplotypes to colonise large areas. Once these large, single 
haplotype areas were established it was impossible for other haplotypes to gain a 
foothold because appropriate sites had already been colonised. This led to a loss of 
diversity as the species moved northwards. The ecology of black poplar is very 
different from that of oak in several ways and this may account for the different 
distribution patterns of the haplotypes. First, oak is a climax species whereas black 
poplar is a non-climax pioneering species, which colonises disturbed riverine sites. 
As a consequence, black poplar tends to have a patchy distribution of populations 
concentrated along linear river valleys. Secondly, the black poplar populations are in 
a much more dynamic state than those of the oaks, they are constantly being re-
established due to changing river dynamics as old sites with mature trees are lost 
and new ones are founded from immigrant seed. As a result, new colonisation sites 
are constantly being made available behind the initial colonisation front. Thirdly, the 
size of the catchment area for recruited seeds and vegetative propagules may be 
relatively large. As a result the following scenario can be envisaged. Haplotypes, 
which arrive after the first colonisation front, can establish themselves as new sites 
become available when rivers flood and change their courses. They, therefore, form 
small populations dotted in among populations of the original colonising haplotype. 
These small populations form steppingstones to the northerly progression of the 
haplotypes, which are later in arriving. Some of these steppingstones are lost when 
river dynamics change resulting in the ebb and flow of loss and establishment of 
populations. The dynamic renewal of colonisation sites would also explain why 
haplotypes from botheastern and western refugia coexist in Britain. One of the 
lineages will have arrived first but this will not have prevented the lineage, which 
arrived later from colonising, because new sites would constantly have been 
becoming available. This may also explain why some of the northern populations 
contain unique haplotypes, which are absent further south. The route taken by some 
of the P. nigra haplotypes may have been obliterated when populations were lost 
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when rivers changed their course. Alternatively, if the haplotypes are rare, the 
sampling intensity may just have been too low to enable the route to be traced. 
 
4.2. Human influence 
The hypothesis outlined above assumes that the observed pattern of cpDNA 
haplotypes has been established naturally. Movement of material by man and human 
mediated planting of one of the lineages could be an alternative explanation for the 
coexistence of eastern and western lineages in Britain. Cottrell et al., (2002) showed 
that although eastern and western haplotypes were present in Britain in similar 
numbers the situation was very different in terms of numbers of clones. Britain has a 
very high degree of clonal duplication (Cottrell et al., 1997, 2002) and there were only 
three different clones derived from the western lineage compared with twenty 
separate clones from the eastern lineage. It is therefore possible that the three clones 
from the western lineage were introduced, propagated and distributed by man. This 
would mean that Britain had only been naturally colonised by the eastern lineage. 
This example illustrates the difficulty in interpreting cpDNA data for black poplar. 
The fact that it can be vegetatively propagated, coupled with the high level of human 
interference that the species has experienced, makes it impossible to be certain that 
the distribution of the various cpDNA haplotypes in Europe today is a true reflection 
of natural pattern of postglacial colonisation. 
One of the other effects of human interference on P. nigra in Europe has been the 
widespread occurrence of P. x euramericana and other poplar hybrids throughout 
northern Europe. Artificially produced hybrids involving P. nigra and several other 
poplar species including P. deltoides, P. trichocarpa, P. maximowiczii and P. laurifolia 
have been planted throughout Europe. Such crosses have been made with P. nigra 
acting as either the male or the female parent. In addition, natural hybridisation and 
backcrossing of hybrids with black poplar is known to occur. It should be borne in 
mind that failure to recognise a hybrid or a backcross in which the maternal line is a 
species other than P. nigra could lead to misinterpretation of the current results for 
the construction of colonisation routes. The interpretation of the current results 
assumes that any hybrids that were sampled were detected and removed before 
consideration of postglacial colonisation routes. This assumption is probably correct 
because the Fitch analysis positioned all but one of the suspected hybrid haplotypes 
into a well-defined group of their own. This, coupled with the fact that all the 
morphology of all the trees included in the genebanks was examined prior to 
inclusion to check that they were typical of non-hybrid P. nigra specimens gives 
confidence that the postglacial colonisation routes defined in this paper are based on 
non-hybrid P. nigra trees. 
 
4.3. Future work 
The current work only sampled countries as far south as Spain and Italy and as 
far east as Hungary. A large area of the distribution range of black poplar in North 
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Africa, Russia and China remains unsampled. Group II provides an initial suggestion 
that diversity in Eastern Europe may be very different from that further west. In order 
to trace the colonisation routes more clearly there is a need for a further sampling 
effort in the east. Along with a more structured sampling of Spain, this will identify 
material in the regions where the diversity was highest and which merit the greatest 
conservation effort. An analysis of the Italian samples at locus ORF-M EcoRI would 
also clarify the relationship of these trees to those elsewhere in Europe. 
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Table 5 The effect of latitude on the number of haplotypes present. The exact location of 
haplotype 91 in Hungary is unknown  
 
 
Table 6 The presence of non-hybrid haplotypes in each country 
The presence of a haplotype is represented by X and the number of haplotypes which are unique to a 
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Table 1 Details of the location and establishment date of each genebank along with the 







Table 3 he restriction enzyme, restriction temperature and number of fragments that were 
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Fig. 1. (a) The minimum spanning tree for 94 hybrid and non-hybrid P. nigra genebank 
samples based on the molecular data presented in Table 4. The division of the individual 
haplotypes into Groups I–IV is shown. (b) The phylogenetic tree of 94 hybrid and non-hybrid 
P. nigra genebank samples obtained by the Fitch algorithm. The molecular data for each 
numbered haplotype are presented in Table 4. The large circles encompass Group I and II 
haplotypes. The uncircled numbers indicate haplotypes, which belong to Group III, and circles 
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Fig. 2. (a–d) Maps showing the distribution of haplotypes of non-hybrid P. nigra genebank 
samples. Key: Map (a), Group III (the exact location of haplotype 77 in France is unknown); 
Maps (b, c and d) Group IV (the exact location of haplotype 78 is unknown). Common 
haplotypes are allocated a unique colour whereas haplotypes, which are rare, are presented 
with their haplotype number alongside their location on each map. 
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Fig. 3. Summary map showing distribution of haplotypes from Groups III and IV and 























CD 2300 TTCCCGGTAGCACATACACA  TTGGGCTGCTTTGATGGTAG  58 40 Fluch et al., (2002) 
TF 1500 CATTACAAATGCGATGCTCT  ATTTGAACTGGTGACACGAG  58 40 Taberlet et al., (1991) 
DT 800 ACCAATTGAACTACAATCCC  CTACCACTGAGTTAAAAGGG  55 40 Dumolin-Lapeague et al., 
(1997) 
ORF-M 1050 CTTGCTTTCCAATTGGCTGT  CATAACCTTGAGGTCACGGG  55 30 Heinze (1998a,b) 
17 + 20 800 GAAGTAGTAGGATTGATTCTC CCCTACAACTCATGAATTAAG  55 20 Samuel et al., (1997) 
 
 
Table 4 The banding pattern of each haplotype produced with the six primer/restriction enzyme combinations 
 





































17 + 20 
/ HinfI-1 
17 + 20 
/ HinfI-2 
17 + 20 
/ HinfI-3 
1 III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 
2 III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2a III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  -  - 1 1 1 
2b III 1 1 1 1 1 1 1 1 1 1 1 1 1  -  -  - 1 1 1 1 1 
2c III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  - 1 1 1 1 1 
2d III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  -  -  -  - 
2e III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  -  -  - 
3 III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 
4 III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 
4a III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  -  - 2 1 1 
16 III 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 2 1 1 
16a III 1 1 1 1 1 1 1 1 1 1 1 1 1 2 3 1 2 1 1   
17 III 1 1 1 1 1 1 1 1 1 1 1 1 1 2 3 1 1 1 2 1 1 
26 III 1 1 1 1 1 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 1 
26a III 1 1 1 1 1 1 1 1 3 1 1 1 1 1 1 1  -  - 1 1 1 
10 III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 
11 III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 3 1 1 1 1 
52 III 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 
52a III 1 2 1 1 1 1 1 1 1 1 1  - 1 1 1 1 1 1 2 1 1 
52b III 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 1 1 
52c III 1 2 1 1 1 1 1 1 1 1  -  -  - 1 1 1 1 1 2 1 1 
35 III 1 2 1 1 1 1 1 1 1 1  -  -  - 1 3 1 1 1 2 1 1 
77 III 1 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  -  -  - 
32 III 1 1 1 1 1 2 1 1 1 1 1 1 1 2 3 1 1 1 1 1 1 
28 III 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
29 III 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 
30 III 1 1 1 1 1 2 1 1 1 1 1 1 1 1 3 1 1 1 1 1 2 
23 III 1 1 1 1 1 1 1 1 1 1 3 1 0 1 1 1  -  - 1 1 1 
24 III 1 1 1 1 1 1 1 1 1 1 3 1 0 1 1 1  -  - 2 1 1 
6 III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8 1 1 1 
5 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  -  - 3 1 1 
13 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1  -  - 1 1 1 
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20 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 3 3 1  -  - 1 1 1 
22 IV 1 1 1 1 1 1 1 1 1 1 1 4 4 1 1 1  -  - 1 1 1 
25 IV 1 1 1 1 1 1 1 1 1 1 3 1 0 3 3 1  -  - 1 1 1 
7 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2  -  -  - 
7a IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 2  
33 IV 1 1 1 1 1 3 1 1 1 1 1 1 1 1  - 1 2 2 1 1 2 
8 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 3 1 1 1 
8a IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 3  -  -  -  
9 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 3 1 1 2 
12 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 2 3  -  -  - 
14 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 1 2 3 1 1 1 
14a IV 1 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 3 1 1 1  
15 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 3 1 1 2 
18 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 1  - 2 2 3 1 1 2 
19 IV 1 1 1 1 1 1 1 1 1 1 1 1 1 2 3 1 2 3  -  -  - 
21 IV 1 1 1 1 1 1 1 1 1 1 1 1 3 1 3 1 2 3  -  -  - 
27 IV 1 1 1 1 1 1 1 1 5 1 1 1 1 1  - 1 2 3 1 1 1 
31 IV 1 1 1 1 1 2 1 1 1 1 1 1 1 1 3 1 2 3 1 1 2 
34 IV 1 1 2 3 2 1 1 1 1 1 1 1 1 1  - 1 2 3 1 1 1 
36 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 1 1 3 1 1 
37 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 1 1 3 1 2 
38 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 1 3 1 2 
47 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 2 1 1 2 1 1 
51 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
51a IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1    
51b IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
51c IV 1 2 1 1 1 1 1 1 1 1 1 1  - 1 1 1 1 1  - 1 1 
54 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 5  - 1 2 1 2 1 2 
39 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 2 3 1 2 
55 IV 1 2 1 1 1 1 1 1 1 1 1 1 3 1  - 1 2 2 3 1 2 
40 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1 3 1 2 3 2 1 2 
40a IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 3 2 1 2 
40b IV 1 2 1 1 1 1 1 1 1 1 1  -  -  - 3 1 2 3 2 1 2 
41 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 3 3 1 2 
42 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 3 5 1 2 
48 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 2 2 3 1 1 2 
49 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 2 2 3 2 1 2 
50 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 2 3 3 2 1 2 
53 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1 3 1 2 3 1 1 2 
53a IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 3 1 1 2 
53b IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1 3 1  -  - 1 1 2 
53c IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1 3 1 2 3  -  -  - 
53d IV 1 2 1 1 1 1 1 1 1 1  -  -  - 1 1 2 3 1 1 2  
53e IV 1 2 1 1 1 1 1 1 1 1  -  -  - 1 3 1 2 3 1 1 2 
56 IV 1 2 1 1 1 1 1 1 1 1 1 1 3 1  - 1 2 3 1 1 2 
57 IV 1 2 1 1 1 1 1 1 1 1 1 1 3 1 1 1 2 3 1 1 2 
58 IV 1 2 1 1 1 1 1 1 1 1 1 1 3 1 3 1 2 3  -  -  - 
59 IV 1 2 1 1 1 1 1 1 1 1 1 1 3 2 3 1 2 3  -  -  - 
60 IV 1 2 1 1 1 1 1 1 1 1 1 2 1 1 3 1 2 3 1 1 2 
61 IV 1 2 1 1 1 1 1 1 1 1 1 2 3 1  - 1 2 3 1 1 2 
62 IV 1 2 1 1 1 1 1 1 1 1 1 2 3 1  - 1 2 3 3 1 1 
63 IV 1 2 1 1 1 1 1 1 1 1 1 2 3 1  - 1 2 3 3 1 2 
64 IV 1 2 1 1 1 1 1 1 1 1 1 4 4 2 3 1 2 3  -  -  - 
65 IV 1 2 1 1 1 1 1 1 4 1 1 1 1 1  - 1 2 3 1 1 2 
66 IV 1 2 1 1 1 1 1 1 4 1 1 1 3 1  - 1 2 3 1 1 2 
69 IV 1 2 1 1 1 1 1 1 4 4 1 1 1 1  - 1 2 3 3 1 1 
70 IV 1 2 1 1 1 2 1 1 1 1 1 1 1 1  - 1 2 3 2 1 2 
73 IV 1 2 1 3 2 1 1 1 1 1 1 1 1 1  - 1 2 3 3 1 2 
74 IV 1 2 2 3 2 1 1 1 1 1 1 1 1 1  - 1 2 3 2 1 2 
75 IV 1 2 2 3 2 1 1 1 1 1 1 1 1 1  - 1 2 3 3 1 2 
76 IV 1 2 2 3 2 3 1 1 1 1 1 1 1 1  - 1 2 3 1 1 2 
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43 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 6 2 1 2 
44 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 2 6 3 1 2 
67 IV 1 2 1 1 1 1 1 1 4 1 1 1 3 1  - 1 2 6 1 1 2 
71 IV 1 2 1 1 1 3 1 1 1 1 1 1 1 1  - 1 2 6 2 1 2 
72 IV 1 2 1 1 1 3 1 1 1 1 1 1 1 3  - 1 2 6 2 1 2 
45 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 3 7 3 1 1 
46 IV 1 2 1 1 1 1 1 1 1 1 1 1 1 1  - 1 3 7 3 1 2 
68 IV 1 2 1 1 1 1 1 1 4 1 1 1 3 1  - 1 3 7 1 1 2 
83 IV 3 2 1 1 1 1 1 1 5 1 1 1 3 1  - 1 3 7 2 1 2 
78 IV 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1  -  - 0 1 1 
82 IV 2 2 3 4 3 1 1 1 1 1 1 1 1 1  - 1 2 3 2 1 2 
90 IV 4 3 1 3 2 1 1 1 1 1 1 1 1 1 3 1 2 3  -  -  - 
79 II 2 2 1 1 1 2 1 1 1 1 1 1 1 1 1 1  -  - 1 1 2 
80 II 2 2 1 1 1 2 2 2  - 1 2 2 2 1 1 1  -  - 1 1 2 
81 II 2 2 1 1 1 2 2 2 2 1 2 2 2 1 1 2 2 2 2 1 1 
84 I 4 3 1 1 1 1 1 1 1 1 1 4 4 4 4 0 4 5 0 1 3 
85 I 4 3 1 1 1 1 1 1 3 1 1 1 1 1 1 1 4 5 0 1 3 
86 I 4 3 1 1 1 1 1 1 3 1 1 1 1 4 4 0 4 5 0 1 3 
87 I 4 3 1 1 1 1 1 1 3 1 1 4 4 1 1 1 1 1 0 1 3 
88 I 4 3 1 1 1 1 1 1 3 1 1 4 4 4 4 0 2 3 0 1 3 
89 I 4 3 1 1 1 1 1 1 3 1 1 4 4 4 4 0 4 5 0 1 3 
91 I 4 3 1 3 2 4 1 1 3 3 1 4 4 0 4 0 2 2 4 2 3 
92 I 4 3 1 3 2 4 1 1 3 3 1 4 4 4  - 0 4 2 6 1 3 
93 I 4 3 1 3 2 4 1 1 3 3 1 4 4 4 4 0 2 2 4 2 3 
94 I 4 3 1 3 2 4 1 1 3 3 1 4 4 4 4 0 4 5 4 2 3 
Missing values are indicated by a dot. Haplotypes are numbered (1, 2,. . ., 94) and are arranged according to membership of individual groups. A letter following the haplotype 
number indicates that there are missing values in the analysis but that all the fragments obtained are identical to those of the haplotype with the same identifier number but without 
the following letter. 
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2.4 The mitochondrial DNA – specific work  
2.4.1 Introduction 
The mitochondrial DNA in plants is double-stranded, circular or linear and 
sometimes forms sub-genomic circles, much smaller and simpler than the nuclear 
genome. It replicates independently. Mitochondrial genomes of higher plants are 
more than ten times as large as mitochondrial DNAs in animals. Mitochondrial DNAs 
have shown a wide variation in genome size and complexity between various plant 
species with average size of mt genomes ranging from 400–500 kb (Brennicke et al., 
1996; Marienfeld et al., 1999). The size difference is explained by additional genes, 
by internal duplications, and by integrated nuclear and chloroplast sequences. An 
example for an average mt genome size is Brassica sp with about 200 kb (Palmer & 
Stein 1986a) whereas an exceptionally big mt genome can be found in muskmelon 
with 2400 kb. Currently (as of Oct. 26th 2009), 1946 full mitochondrial genome 
sequences of 450 different species (mostly animal) and only few plant mtDNA 
sequences like rice, sorghum or sugar beet (Kubo et al., 2000) are available from 
(http://www.ncbi.nlm.nih.gov/genomes/ Organelles), which have been generated in 
the course of various genome sequencing projects. Still the configuration of the plant 
mt genome remains unsolved as circular chromosomes as well as associated mt 
plasmids are being reported.  
The organization of the mitochondrial genome of higher plants is complex. It has 
two striking features: a large size that can vary among plant species; and the ability to 
undergo homologous recombination that results in variation within species. Analysis 
has shown that the mitochondrial genome often is arranged into a single circular 
molecule, referred to as the master chromosome. This circular DNA molecule 
contains repeated sequences that can generate, via intramolecular recombination, 
either isomeric forms of the master chromosome or smaller subgenomic circular DNA 
molecules. For Maize it has been shown that the mt genome organization varies 
considerably among the different maize cytotypes (Fauron et al., 1995).  
In each somatic cell 102-105 mitochondria can be found. Depending on tissue and 
physiological state, each organelle contains up to 10 copies of the mtDNA molecule. 
In general, even though pollen as well as ovary cells contain mitochondria, only one 
type of mtDNA is found within an individual (one haplotype), meaning that the mtDNA 
from one parent is lost after fertilization of the ovary cell. Plant mtDNA is almost 
exclusively maternally inherited, unlike cpDNA, which generally is maternally 
inherited in angiosperms, but paternally in gymnosperms (Birky 2001; Vendramin et 
al., 2000b; Vendramin & Ziegenhagen 1997). Rare cases of paternal transmission of 
mtDNA have been reported (McCauley et al., 2007; Pearl et al., 2009), particularly in 
interspecific crosses, but paternal mtDNA is rapidly degraded in the oocyte cytoplasm 
in intraspecific fertilisation. In general the mitochondrial genome is maternally 
transmitted as a single haploid supergene. 
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Nucleotide substitution occurring in the mitochondrial genome has been 
extensively exploited in animals due to typically high mutation rates (Wolfe et al., 
1987) and has been particularly useful for phylogenetic studies. In contrast, the plant 
mitochondrial genome, which is larger in size, undergoes extensive structural 
rearrangements. The average synonymous substitution rate for plant mitochondrial 
genomes is around 0.2–1.0 x 10–9 nucleotides per site per year, 40–100 times lower 
than the corresponding rate in mammals (20–55 x 10 –9 nucleotides per site per year; 
(Brennicke et al., 1996; Wolfe et al., 1987), but still 5–10 times faster than nuclear 
single copy number DNA, where coding genes are conserved. The approximately 
100 protein-coding genes in plant mitochondria are transcribed from scattered 
promotors with unique structures. Nonlethal mutations in mitochondrial genes affect 
pollen maturation and lead to male sterile plants (Engelke et al., 2004; Engelke & 
Tatlioglu 2000). 
MtDNA currently is being used for DNA barcoding efforts for various species.The 
DNA barcoding initiatives rely on the premise that all organisms have a unique and 
identifiable molecular tag i.e a short region of mtDNA of the cytochromC oxidase 
subunit 1 (COI) that can be amplified using universal primers (Song et al., 2008). 
Comparing the sequences of this region originating from various species allows the 
generation of phylogenetic relations between species. 
The slower rate of mtDNA evolution in plants as compared to cpDNA, less 
background knowledge, its structural rearrangements and thus not conserved gene 
order makes marker development for mtDNA more difficult, therefore, limiting its use 
as tool for plant diversity studies (Bereiter-Hahn et al., 2008; Cummings et al., 2003; 
Fauron et al., 1995; Galtier et al., 2009). Due to these reasons mtDNA has been 
investigated only in some angiosperms where mtDNA is transmitted maternally 
whereas cpDNA migrates with the pollen (Scotti et al., 2008; Sperisen et al., 2001a). 
The advantage of cpDNA markers over mtDNA markers is the fact that the cp 
genome is conserved in structure and gene rearrangements are rare in cpDNA 
(Reboud & Zeyl 1994; Sugiura 1992; Sugiura 2003) allowing the transfer of markers 
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Fig. 11: sucrose gradient with intact 
mitochondria extracted from P.abies 
callus cultures 
2.4.2 Mitochondrial DNA marker development and application in 
Norway spruce  
 
Norway spruce (Picea abies) was among the first tree species which re-colonised 
central Europe after the last glaciation, reaching the Alpine area approximately 12 
000 years ago (Huntley & Birks 1983; Lang 1992; Tollefsrud et al., 2008). In Austria, 
Norway spruce is a naturally occurring forest tree species that is of ecological and 
economical importance. In total, 1.87 million ha or 56.1 % of the productive forest 
area is covered by spruce. The Austrian spruce forests are found from lower to sub-
alpine regions. Studies on genetic variation based on allozymes (Lagercrantz & 
Ryman 1990) or molecular markers (Gugerli et al., 2001; Scotti et al., 2006;) have 
shown that, over the whole range of Picea abies, genetic differentiation among 
populations is low. This may be regarded as a result of the last glacial period as well 
as as the effect of strong gene flow among populations especially as large-scale 
planting may have a drastic impact on the genetic uniformity of Norway spruce 
throughout Europe. The first, more extensive artificial sowing of Norway spruce was 
reported at the end of the 18th century in Upper Austria. Later, significant plantings 
were carried out throughout Austria. During the 19th century, extensive pure spruce 
forests were artificially established, especially in mountainous regions (Geburek et 
al., 1998a; Perry et al., 1999).  
In order to assess existing genetic diversity in Norway spruce, molecular markers 
need to be developed and applied. Grivet (Grivet et al., 1999) first demonstrated 
maternal inheritance of mtDNA in Picea abies. A PCR based technique based on 
mtDNA fragments generated by one pair of universal mitochondrial primers, followed 
by restriction enzyme analysis ws established. Population genetics studies of Norway 
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spruce using maternally inherited mitochondrial tandem repeats (Bastien et al., 2003; 
Gugerli et al., 2001) and paternally inherited chloroplast microsatellites (Vendramin et 
al., 2000a) reveal centres of diversity in the Carapthian mountains, the Baltic region, 
and the eastern Alps. The observed diversity appears to result from different phylo-
geographic processes, such as areas of glacial relict populations or of secondary 
contact. 
Sperisen (Sperisen et al., 2001b) investigated a tandem repeat region in the 
second intron of the mitochondrial NADH dehydrogenase subunit 1 (nad 1) gene of 
Norway spruce, which was found to be polymorphic and maternally inherited in intra-
specific crosses of this species. Gugerli et al., (2001) used the same region to show 
that the haplotypic diversity in the Alps is reduced in populations at high altitude as 
compared to populations at low elevation. Other than these regions, no molecular 
markers of the mt genome were available for Norway spruce.  
Therefore an attempt has been made to characterize novel regions of the mt 
genome of Norway spruce which are variable and can be used as markers for 
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Norway spruce is an important commercial tree species in northern and central 
Europe. Pure mitochondrial DNA isolated from tissue culture materials grown in the 
dark were used to construct a partial mitochondrial library. 100 clones were randomly 
selected and 19 markers were isolated. Three of these markers proved to be 
polymorphic and two showed maternal inheritance in controlled crosses. These 
markers will be useful for population genetic studies in P. abies. 
 
Introduction 
Norway spruce is one of the commercially and ecologically most important 
coniferous species in Europe. Therefore, knowledge on the existing genetic variation 
and population differentiation is helpful for various aspects of management of its 
genetic resources. Plant mitochondrial DNA (mtDNA) is exclusively maternally 
inherited (NEALE and SEDEROFF, 1989; GRIVET et al., 1999), unlike chloroplast DNA 
(cpDNA), which generally is maternally inherited in angiosperms, but paternally in 
gymnosperms (VENDRAMIN et al., 1996). This differential mode of inheritance makes 
organellar genomes an ideal tool for studies of gene flow and population structures 
(MITTON et al., 2000; GUGERLI et al., 2001). From the geographic distribution of 
variation in the organellar DNA it is possible to draw conclusions about past gene 
flow through migration. In contrast to bi-parentally transmitted markers, maternally 
inherited alleles are expected to exhibit greater levels of population differentiation at 
equilibrium, due to the absence of meiotic recombination and to the fact that haploid 
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genomes are more sensitive to the effects of random drift (PETIT et al., 1993; ENNOS, 
1994). Furthermore, mtDNA markers are maternally inherited and thus indicative of 
seed dispersal, while cpDNA (and nuclear DNA) is paternally (or biparentally) 
inherited and thus indicative of gene flow by pollen and seeds, not only seeds (LATTA 
et al., 1998).  
The mitochondrial (mt) genome of plants is not conserved in size and structure 
between species (WOLFE et al., 1987; PALMER, 1992; PALMER et al., 2000). 
Therefore, markers developed for a particular species often cannot be applied for 
other taxa. Up to now, a few mitochondrial regions have been identified in Norway 
spruce which show only moderate degrees of diversity throughout Europe (SPERISEN 
et al., 2001; GUGERLI et al., 2001; JEANDROZ et al., 2002; BASTIEN et al., 2003; 
JARAMILLO-CORREA et al., 2003). 
In this study, we developed new primers for the mitochondrial genome of P. abies, 
which will be useful in population genetics and provide valuable information for forest 
management. Pure mtDNA of Norway spruce was isolated from cell cultures 
according to a modified method after MACKENZIE (1994). Out of 600 g of tissue (dark 
grown embryogenic callus cultures) 1-2 µg of mtDNA could be isolated. The purity of 
mtDNA was tested by PCR using published primer pairs specific for cpDNA, nuclear 
DNA and mtDNA. The DNA was considered as authentic if amplification was 
successfully achieved only with the mtDNA specific primers (data not shown). Due to 
the limited amount of mtDNA available, the Random Amplified Polymorphic DNA 
(RAPD) technique was used to generate clonable fragments for the construction of 
partial mt genome libraries. Each RAPD amplification reaction contained 1x buffer 
(Dynazyme), 2 mM MgCl2, 10 pmol primer (OPERON: OPD-02, OPE-20, OPH-20, 
OPJ-20), 0.75 unit Dynazyme II DNA polymerase, 20-30 ng DNA template and PCR 
water up to 25 μl. PCR-cycling conditions consisted of an initial denaturation step of 
94°C for 3 min, followed by 40 cycles of 94°C for 1 min, 36°C for 1 min, 72°C for 2 
min, and a final extension step at 72 °C for 8 min. PCR products obtained with 
different RAPD primers were cloned using the TOPO TA cloning Kit for sequencing 
(Invitrogen). Purified plasmid DNA of the clones was sequenced (BigDye sequencing 
Kit, PE Applied Biosystem) on a capillary sequencer (ABI 3100 Genetic Analyser) 
and analysed using softwares SequencherTM 4.0 and DNAsis 2.5. Out of 7200 
identified positive clones a total of 100 were randomly selected and sequenced. 
Primers were designed (Oligo Primer Analysis Software; version 4.1) for 19 mtDNA-
bearing clones. The clones were selected according to homology to known mt 
sequences or the length of the insert (> 1000 bp). Out of 19 potential loci, 14 were 
effectively amplified, but 11 of them proved to be monomorphic even with PCR-RFLP 
analysis. In total, three of the investigated loci (Table 1) were polymorphic: mt15-D02, 
mt23-D02, and mt1H01. Maternal inheritance was tested in a set of 11 controlled 
crosses (5-8 offsprings of each family) using different combinations of five male and 
six female parents (obtained from SkogForsk/Sweden and the Federal Research 
Centre for Forestry and Forest Products BFH Hamburg-Grosshansdorf/Germany).  
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For the analysis of polymorphism at the three loci, PCR amplifications were 
conducted in a total volume of 25 µl according to the HotStarTaq polymerase 
(QIAGEN) instructions. PCR-cycling consisted of an initial denaturation step of 95°C 
for 15 min, followed by 35 cycles of 1 min at 95°C, 1 min at annealing temperature 
(see Table 1), 2 min at 72°C, and a final extension step of 10 min at 72°C.  
Maternal inheritance was proved for markers mt15-D02 and mt23-D02 in 
controlled crosses. For marker mt15-D02 two alleles corresponding to PCR 
fragments of 1107 bp (mitotype a) and 1249 bp (mitotype b) were detected. All 
female parents yielded mitotype a, while all male parents yielded mitotype b. Analysis 
of all 70 F1 individuals from the 11 families possessed the maternal mitotype a, thus 
confirming maternal inheritance (Figure 1a and Table 1). With the primers for marker 
mt23-D02 fragments of either 1117 bp (mitotype a) or 1122 bp (mitotype b) were 
obtained, or no amplification product at all (mitotype c) (Figure 1b and Table 1). For 
the analysis of marker mt23-D02 a high-resolution method such as PCR-RFLP was 
necessary to visualize the 5 bp size difference between mitotypes a and b (Figure 2). 
The PCR products were digested with restriction enzyme HinfI (5 U; 3h at 37°C) and 
separated through 8% non-denaturing polyacrylamide gels [Rotiphorese® Gel 30 
(37,5:1)] at 14°C for 3 h using Dual Vertical Slab System DSG-250 (C.B.S. Scientific), 
followed by silver staining for band detection (DUMOLIN et al., 1995; DEMESURE et al., 
1996). Of the 40 F1 individuals from the various crosses all possessed the maternal 
mitotype (data not shown). The third marker (mt1H01) showed a monomorphic 720 
bp fragment (Figure 1c) in all eleven parents (mitotype a). In a population study 
(MAGHULY et al., 2007), however, some individuals occurred from which no 
amplification product could be obtained. The lack of a PCR fragment was interpreted 
as a null allele (mitotype b) that may be caused by putative mutations in the primer 
binding sites (Table 1). 
In mt15-D02 sequence analysis of the two different mitotypes a and b (Table 1) 
revealed the presence of a 142 bp insertion/deletion (indel). In mt23-D02 mitotypes a 
and b differ by a 5 bp indel and mitotype c consists of a null allele (Table 1). 
BLASTN searches revealed that marker mt1H01 is highly similar (91%) to a 729 
bp section of the mt nad1 gene of the evening primrose Oenothera berteriana [Score 
= 908 bits (458), E-value = 0.0]. For the other two markers similarity was found only 
to very short sections of known mt sequences, which is quite meaningless with 
respect to homology. For region mt23-D02 homology was found to 32 bp of the mt 
nad1 genes of various Picea species [Score = 63.9 bits (32), E-value = 1e-06]. 
Region mt15-D02 showed homology to 25 bp of the mt rRNA gene (large subunit) of 
Ceratophyllum submersum [Score = 42.1 bits (21), E-value = 6.2).  
All three makers for the mt genome were already successfully employed in the 
analysis of 37 populations (185 individuals) originating from various geographic 
regions of Austria (MAGHULY et al., 2006, 2007) and thus provide a valuable tool for 
further population studies of P. abies. They will be also useful for forest management 
programs and for reconstructing the phylogeographic history and postglacial 
migration routes of P. abies.  
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Table 1. - PCR primers for amplification of three mitochondrial markers 
 














 and n.a. 




702 and n.a. AY897576 a, b 
 
Figure 2. - PCR-RFLP for mitochondrial markers mt23-DO2. PCR fragments were digested 
with restriction Enzyme Hinf I. Fragments were separated on a high resolution on acrylamide 
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Figure 1. - Amplification products obtained with the three markers separated on agarose gels 
(1.2 %): a) mt15-02, b) mt23-DO2, and c) mt1H01. Parents and offspring of controlled crosses 
are shown. Lane 1: female parent, lane 2: male parent, lane 3: length marker VI, lanes 4-11: 
F1 offspring. In mt15-02 the F1 progeny shows the same fragment as the female parent. In 
mt23-DO2 the female parent and the F1 offspring show the null allele whereas the male parent 
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Thirty-seven populations of Norway spruce [Picea abies (L.) Karst.] across the 
Austrian Alps and Bohemian Massif were sampled to elucidate the geographical 
pattern of genetic differentiation. Three polymorphic mitochondrial DNA (mtDNA) loci 
were surveyed. Two or three alleles were detected at each locus, resulting in seven 
multilocus mtDNA haplotypes (A–F). Western populations proved to be 
monomorphic, whereas eastern and central Austrian populations were slightly to 
highly polymorphic, respectively. As revealed by spatial analysis of molecular 
variance and Monmonier’s analysis, the two main haplotypes A and B are not 
randomly distributed. Haplotype A was restricted to central and eastern Austria, 
whereas haplotype B occurred in all Austrian populations but was the only haplotype 
identified in western populations. This pattern may be explained by different glacial 
refugia located in the Dinaric Alps and the Carpathian mountains.  
 
Introduction 
Norway spruce [Picea abies (L.) Karst.] is one of the commercially and 
ecologically most important coniferous species of Europe, and therefore, knowledge 
on the existing genetic variation and population differentiation is helpful for various 
aspects of genetic management. The distribution area of P. abies can be divided into 
a northeast boreal distribution and disjunct areas in the central European mountains. 
Previous studies of the genetic structure of P. abies showed pronounced 
differentiation between these two geographically separated regions (Vendramin et al., 
2000; Sperisen et al., 2001; Collignon et al., 2002; Acheré et al., 2005), supporting 
the hypothesis of two distinct main glacial refugia postulated from pollen data 
(Huntley and Birks 1983; Lang 1994). Recent extended pollen analyses suggest a 
spread of P. abies from a putative refuge in Byelorussia and northern Russia to 
Fennoscandia (Giesecke and Bennett 2004). For the Alpine populations, putative 
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refuge areas (Huntley and Birks 1983; Lagercrantz and Ryman 1990) were located in 
the Carpathian mountains and the Balkans (Dinaric Alps). A genetic study based on 
tandem repeats in the second intron of the mitochondrial nad1 gene (Gugerli et al., 
2001) confirmed that postglacial recolonization of the Alps most likely occurred from 
these two refugia. The western alpine populations proved to be completely 
monomorphic, whereas the eastern and southern alpine populations ranged from 
slightly to highly polymorphic.  
This indicates a loss of variation owing to successive founder events after the 
expansion from the refugia starting about 10,000 years ago, as it is the case for many 
species (Hewitt 1996). However, many species in recolonized forests displayed high 
diversity, an apparent attenuation of founder events that can be explained through 
the admixture of haplotypes from merging postglacial recolonization routes (Petit et 
al., 2003). The increase in genetic variation at mtDNA markers in secondary contact 
zones has been shown, for example, for Quercus in Switzerland (Mátyás and 
Sperisen 2001). 
The limited sampling of Norway spruce from the eastern Alps (Bad Gastein, 
Dachstein and Gesäuse) in a previous study on mitochondrial tandem repeats 
(Gugerli et al., 2001), however, did not allow more detailed inferences about the 
genetic structure of populations in the eastern Alps. In an earlier study on P. abies in 
Austria based on isozyme allele frequencies, Geburek (1999) found an increase in 
genetic variation towards the east. Hence, the question remains unanswered: How 
robust are the previously observed patterns of genetic structure in the eastern Alps at 
a finer sampling scale traced with mtDNA markers? In the present study, we report 
three new polymorphic markers from the mitochondrial genome of Norway spruce. 
We used these markers to assess the population structure in Austria at a finer scale 
by the extended sampling in the eastern Alps and adjacent areas of the Bohemian 
Massif. In doing so, we attempt to confirm the previously postulated east–west 
differentiation and the existence of a putative contact zone of different recolonization 
routes in the eastern Alps. Furthermore, we want to test the hypothesis of a decrease 
in genetic variation from east to west. 
 
Materials and Methods 
 
Plant material and sampling 
Our study comprises all nine main growth districts defined by Kilian et al., (1994) 
and characterizes the major forest climatic and geomorphological conditions in 
Austria: Region I=central Alps; Region II=northern alpine internal zone; Region 
III=south-eastern internal alpine zone; Region IV=north-western Alps; Region 
V=eastern Alps; Region VI=southern calcareous Alps; Region VII=northern Alp-
foreland; Region VIII=south-eastern edge of the Austrian Alps and Pannonian region; 
Region IX=Mühl and Waldviertel comprising the Austrian part of the Bohemian 
Massif. Each sampling location, referred as population hereafter, consisted of five 
randomly selected seeds from more than 50 mother trees. Altogether, a total of 185 
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individuals from 37 populations were sampled (Fig. 1 and Table 1). Seed material 
was provided from certified seed stands used for forest plant production. Based on 
information from the local forest services, the seed stands studied may be regarded 
as autochthonous; however, ancient anthropogenic actions resulting in non-
autochthonous plants cannot be excluded. Populations were consecutively numbered 
from the west to the east. 
 
Molecular analysis 
The collected seeds were germinated on wet filter paper in petri dishes, and 
approximately 5 days after germination, the seedlings (1 cm long) were used for DNA 
extraction using DNeasy Plant Mini Kit (QIAGEN). In a previous study, primers have 
been developed for 19 mitochondrial DNA (mtDNA) loci, which were screened for 
polymorphisms within P. abies from Austria (Maghuly et al., unpublished). Of the 
primer pairs tested, polymorphism was observed only at three loci. The 
corresponding mtDNA regions were designated as mt15-D02 (GenBank accession 
number AY897577), mt23-D02 (AY897578) and mt1H01 (AY897576). Mt15-D02 
exhibited a 142-bp insertion/deletion (indel) polymorphism. Mt23-D02 showed a 
polymorphism for a 5-bp indel, and an additional mitotype was detected consisting of 
a null allele, where the lack of amplification product may be caused by mutated 
primer binding sites. In region mt1H01, two alleles were found, one given rise to a 
702-bp fragment and the other being a null allele. Maternal inheritance was proved 
for all three markers in controlled crosses (Maghuly et al., unpublished). In a 
database search using BLASTN (Altschul et al., 1990), the sequence mt1H01 
showed high homology to the rps13 gene and a section of the nad1 gene of 
Oenothera berteriana. For region mt23-D02, some weak homology was found to a 
partial section of the nad1 gene of various Picea species. Interestingly, this region 
showed high homology to chloroplast sequences, but this could be due to a 
chloroplast progenitor, as has been shown for nad genes in Arapidopsis (Michalecka 
et al., 2003). Region mt15-D02 showed no homology to any GenBank sequence at 
all. Nevertheless, the origin of all three makers from the mitochondrial genome was 
additionally tested by isolating pure mtDNA according to a method modified after 
Mackenzie (1994). 
In the present study, these three mtDNA markers were used in combination to 
search for differentiation among spruce populations in Austria. Amplifications were 
conducted in a total volume of 25 μl using 1× PCR buffer (QIAGEN), 2 mM MgCl2, 
0.2 mM dNTPs, 4 pmol of each primer, 0.6 units HotStarTaq polymerase (QIAGEN 
HotStarTaq TM PCR) and 20–30 ng template DNA. PCR-cycling conditions consisted 
of an initial denaturation step of 95°C for 15 min, followed by 35 cycles of 1 min at 
95°C, 1 min at annealing temperature (54°C for marker mt15-D02 [15F 5′-
TATCTGACTTGCCTTATC-3′; 15R: 5′-ATCCGAATACATACACC-3′] and mt23-D02 
[23F 5′-CA CCCTTGGGTAGACTGG-3′; 23R: 5′-GGTTCACGCAGTG CTTCT-3′]; 
52°C for marker mt1H01 [1H01F: 5′-AAGA TGGATCGCCCTTACGC-3′; 1H01R: 5′-
GAGGAG GAGGCTTCGTCGTC-3′]), 2-min extension at 72°C, and a final extension 
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step of 10 min at 72°C. To detect the presence of indels, PCR products were 
electrophoresed through 2% agarose gel. Five microliters of PCR product of region 
mt23-D02 was further digested with restriction enzyme HinfI (5 U; 3 h at 37°C) and 
separated through 8% non-denaturing polyacrylamide gels at 14°C for 3 h, followed 
by silver staining for band detection. This method allows visualizing by eye the 5-bp 
indel of marker mt23-D02. In markers mt23-D02 and mt1H01, the absence of the 
amplification product was treated as a character state (null allele). In this case, we 
carried out three independent PCR amplifications to confirm the obtained results. 
 
Data analysis 
For each spruce sample, the haplotype was defined by combining the 
polymorphisms detected with the three analysed marker. Four different analyses 
were then employed to identify possible structures in the Austrian Norway spruce 
populations. The first method, a cluster analysis using the unweighted pair-group 
method (UPGMA), is based on the analysis of a genetic distance matrix without 
consideration of the geographical location of populations. The other two methods, a 
spatial analysis of molecular variance (SAMOVA; Dupanloup et al., 2002) and an 
analysis based on the Monmonier algorithm (Monmonier 1973), include also 
geographical information and aim to identify most differentiated groups of populations 
that are as spatially clustered as possible. For the UPGMA analysis, a minimum 
genetic distance (Nei 1972) implicated in the software programme TFPGA (Miller 
1998) was used. Consistency of internal nodes was determined by running 1,000 
bootstrap replicates. 
SAMOVA was performed with the software SAMOVA 1 (Dupanloup et al., 2002) 
to identify possible affinities among the populations of P. abies. This analysis defines 
groups of populations that are geographically homogeneous and maximally 
differentiated from each other. The method is based on a simulated annealing 
procedure that aims at maximizing the proportion of total genetic variance due to 
differences between groups of populations (largest FCT value). The Monmonier 
algorithm defines zones of maximum genetic change and genetic barriers within the 
network of 37 Norway spruce populations. This analysis was performed with the 
software BARRIER 2.2 (Manni et al., 2004). Robustness of the barriers was 
determined by resampling the distance matrices 100 times. Moreover, we tested for 
the presence of correlation between geographic and genetic distance performing a 
Mantel’s test using the procedure of Smouse et al., (1986) implemented within the 
programme GenAIEx 6 (Peakall and Smouse 2005). Statistical significance of the 




Geographical distribution of mitochondrial variation 
For each of the 185 individuals of P. abies originating from 37 different Austrian 
populations, the haplotype was defined by combining the polymorphisms detected 
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with the three markers. Two to three variants per locus that combined to seven 
different haplotypes (A–G; Table 2) were found. The number of distinct haplotypes 
per population ranged from 1 to 4 and the haplotype diversity per population ranged 
from 0.000 to 0.720 (Table 1).  
Haplotypes A and B were the most abundant, and variation among populations 
and regions were evident (Fig. 3). Haplotype B, which is predominant in most of the 
western Austrian populations, occurred in almost all Austrian populations. Haplotype 
A prevailed in populations originating from eastern Austria. With the exception of 
populations 5 and 9, all populations from the Central Alps (region I) and the north-
western Alps (IV) are fixed for haplotype B. Haplotype C was found in four 
populations (9, 12, 31 and 35) from regions I, VII and V. Haplotype D was present in 
populations 5, 28, 30, 35 and 27 from the Central Alps, the south-eastern internal 
alpine zone, the eastern Alps and the Mühl and Waldviertel (regions I, III, V and IX). 
Haplotype F was found in three geographically separated regions (regions VI, VII and 
VIII; populations 19, 33 and 37, respectively) in the southern calcareous Alps, the 
northern Alp-foreland and the Pannonian region. The less frequent haplotypes E and 
G were observed in eastern and south-eastern Austria. Haplotype E occurred twice in 
the eastern Alps (region V; populations 31 and 35). Haplotype G was found only once 
in population 37 from region VIII (Fig. 3). 
Genetic distance using mtDNA data In a UPGMA dendrogram based on genetic 
distances, two main clades (clade 1 and clade 2; Fig. 2) can be observed. Both 
clades are subdivided into two groups. Group 1.1 is composed of populations from 
six regions (I, III, IV, V, VIII and IX) carrying haplotype A at high frequencies and 
haplotype G with the lowest frequencies. Population 19 from region VI forms group 
1.2 and proved monomorphic for haplotype F. Within clade 2, group 2.1 comprises 
populations from regions I, II, II, IV, V, VII and IX, which have high frequencies of 
haplotype B. Group 2.2 includes populations 12 and 33, the only two populations 
from the northern Alp-foreland (region VII). 
Geographical structure of mitochondrial variation In the SAMOVA, three groups 
could be distinguished (Table 3). Group 1 in the SAMOVA corresponds to clade 2 in 
the UPGMA analysis, with the exception of population 5. In the UPGMA tree, 
population 5 belongs to clade 1 because of the dominance of haplotype A, which is 
not seen in the other populations from region I. This may be explained by ancient 
anthropogenic influence resulting in non-autochthonous plants, as will be discussed 
below. Group 2 in the SAMOVA corresponds to group 1.2 of the UPGMA tree, which 
consists only of population 19 from the southern calcareous Alps (region VI). Group 3 
corresponds to clade 2 (except population 5). A maximum FCT value of 0.766 was 
estimated between these three groups delineated by SAMOVA. 
Monmonier’s algorithm identified four genetic boundaries (Fig. 3). By definition, 
barriers correspond to zones of most abrupt genetic change in space. The first barrier 
(a in Fig. 3), which was also delineated by the SAMOVA, separated the southernmost 
population 19 of the southern calcareous Alps (Region VI) from all northern 
populations. The second barrier (b in Fig. 3) separated population 22 of the 
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Bohemian Massif (region IX) from all surrounding populations. The third barrier (c in 
Fig. 3) separated populations harbouring haplotype B (populations 24, 25, 28 and 29) 
of the south-eastern internal alpine area (region III) and population 34 of the south-
eastern edge of the Austrian Alps (region VIII). The fourth barrier (d in Fig. 3) 
separated the western Austrian populations 1–18 of regions I, II, IV and VII from the 
eastern Austrian populations. All populations (except population 5) located westward 
of this boundary are dominated by haplotype B, whereas haplotype A prevailed in 
populations originating from the area east of boundaries c and d (line Salzburg–
Graz). A Mantel test showed no significant relationship between Fst and geographic 




Our study of three mitochondrial markers in P. abies revealed genetic 
differentiation between western and eastern populations within the eastern Alpine 
range in Austria. The variation in the selected mitochondrial markers also provided 
information about haplotype variation within different populations. Since mitochondria 
are maternally inherited, the seed material reflects the haplotype of mother trees.  
The data analysis showed different haplotype diversity in the east and central 
Austrian populations as compared to the western populations. The Austrian 
populations located in the east were moderately to highly variable, whereas almost all 
western populations were monomorphic (except population 5) in the investigated 
sections. This result is in accordance with a previous study by Geburek (1999), 
revealing a slight east–west trend in the amount of genetic variation at isozyme loci in 
Austrian Norway spruce populations. This trend is also seen at a broader scale in the 
entire range of the Alps, where mitochondrial tandem repeat markers revealed 
monomorphic western Alpine populations but slightly to highly polymorphic eastern 
Alpine populations (Gugerli et al., 2001). 
A key result of the present study is the distribution of two most common 
haplotypes A and B in Austria, which appeared to be not random, as revealed by 
SAMOVA and Monmonier’s analysis. Haplotype A is restricted to central and eastern 
Austria, whereas haplotype B occurs in all Austrian populations but is the only 
haplotype identified in western populations. It is likely that these two haplotypes 
became fixed in different glacial refugia. Similar patterns of haplotype distribution 
have been observed for various tree species in Europe and North America (Picea, 
Sperisen et al., 2001; Pinus, Jaramillo-Correa et al., 2004; Fraxinus, Heuertz et al., 
2004; Pinus, Godbout et al., 2005). In P. abies, the occurrence of two main 
haplotypes (A and B) in our study furnishes evidence that P. abies populations in 
Austria are derived from two putative glacial refugia: the Dinaric Alps and the 
Carpathian mountains. This is consistent with previous results from P. abies in the 
Alps inferred from several mitochondrial and nuclear genetic markers (Collignon and 
Favre 2000; Gugerli et al., 2001; Acheré et al., 2005) but contradicts the results 
obtained with isozyme markers from Austrian Norway spruce populations (Geburek 
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1999), where no differentation among the Austrian populations was found. 
Nevertheless, the present data do not reveal the origin of the two main haplotypes A 
and B with certainty since the adjacent areas of the Carpathian mountains and the 
Balkan peninsula have not been sampled yet.  
However, according to findings of Collignon and Favre (2000) and Acheré et al., 
(2005), the western Austrian populations (haplotype B in our study) belong to a 
Dinaric lineage. In contrast, the more eastern haplotype A might represent the 
genetic lineage that has migrated from a Carpathian refuge. Both lineages (A and B) 
met during their postglacial expansion in the easternmost Alpine range and 
exchanged genetic material resulting in the highly mixed and polymorphic populations 
seen in our study. Günzl (1979) reported that provenances of Norway spruce of the 
Bohemina Massif show similarities to provenances originating from the Carpathian 
mountains, which supports Kral’s (1979) hypothesis that populations originating from 
a Carparthian refuge influenced this region. In our data, populations 20 and 27 are 
monomorphic for haplotype A. On the other hand, populations 22 and 33 are 
dominated by haplotype B. However, these latter populations might be non-
autochtonous since a large portion of the lowelevation forests in Europe have been 
intensively used and managed (Schmidt-Vogt 1986). For the high-elevation forests in 
the Inner Alps, this seems less likely. The occurrence of the mixed population 5 
(haplotypes A, B and D) from Tyrol, however, could also be best explained by human 
actions resulting in introduced haplotypes since all other populations from that region 
are either fixed for haplotype B or at least dominated. We could assume that the less 
frequent haplotypes C–G might have derived from the two most abundant haplotypes 
A and B, a way of interpretation suggested by Crandall and Templeton (1993). For 
instance, the frequent haplotype A might be ancestral to the less frequent haplotype 
E, which is only found in coexistence with haplotype A. However, we cannot rule out 
the possibility that less frequent haplotypes stem from a neighbouring gene pool 
beyond the borders of Austria, which may be dominated by these haplotypes. This 
could also be the case for the rare haplotype F, which is fixed in population 19 from 
the southern Alps. Haplotype F is also found in the easternmost population 37 from 
the Pannonian region and in population 33. This distinct distribution pattern makes 
interpretation difficult, and various factors, such as forest management, may account 
for blurring the phylogeographic pattern of genetic differentiation.  
In conclusion, the mitochondrial markers analysed in this study proved to be 
useful for detecting genetic variation in Austrian Norway spruce populations, 
indicating the importance of genetic investigations on a small geographical scale. 
Easily scorable on agarose and polyacrylamide gels, these markers can be employed 
for further genetic diversity studies of P. abies in Central Europe and provide helpful 
implications for forest management. 
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Table 1 Geographical and genetic parameters of 37 Picea abies populations in 
Austria 
 Population Location Altitude 
(m) 
Latitude Longitude Regiona NHb Hc 
 
1 Stürcher, Vorarlberg 1,300 47°15′N 09°42′E IV 5B 0.000
2 Winklertobel, Vorarlberg 1,100 47°06′N 09°59′E IV 5B 0.000
3 Unsinner, Tyrol 1,150 47°20′N 10°32′E II 5B 0.000
4 Oberletzen Tyrol 1,300 47°30′N 10°42′E IV 5B 0.000
5 Antonalm, Tyrol 1,700 47°06′N 11°18′E I 2A+2B+D 0.640
6 Öxlbach-
Moltertal, 
Tyrol 1,300 47°21′N 11°49′E II 5B 0.000
7 Walchsee, Tyrol 1,000 47°39′N 12°19′E II 5B 0.000
8 Moaralm, Carinthia 1,750 47°06′N 12°30′E I 5B 0.000
9 Aschwinkel, Tyrol 1,350 46°44′N 12°25′E I 4B+C 0.320
10 Auzervillgraten, Tyrol 1,500 46°47′N 12°25′E I 5B 0.000
11 Rauris, Salzburg 1,600 47°13′N 12°59′E I 5B 0.000
12 Hörndl, UpperAustria 450 48°15′N 13°02′E VII 3A+B+C 0.560
13 Forstern, UpperAustria 600 48°01′N 13°14′E IV 5B 0.000
14 Kesselwand, Carinthia 1,300 46°47′N 13°29′E I 5B 0.000
15 Leobengraben, Carinthia 1,200 46°55′N 13°37′E I 5B 0.000
16 Bundschuh, Salzburg 1,425 47°03′N 13°42′E I 5B 0.000
17 Ramingstein, Salzburg 1,545 47°04′N 13°50′E I 5B 0.000
18 Bundschuh, Salzburg 1,450 47°03′N 13°50′E I 5B 0.000
19 Ossiacher 
Tauern 
Carinthia 750 46°39′N 13°57′E VI 5F 0.000
20 Mittelriedl–
Röhre, 
UpperAustria 560 48°33′N 13°57′E IX 5A 0.000
21 Kleinreifling, UpperAustria 1,050 47°50′N 14°40′E IV 5A 0.000
22 Sternwald, UpperAustria 850 48°34′N 14°14′E IX 5B 0.000
23 Tragl, UpperAustria 1,050 47°53′N 14°10′E IV 4A+B 0.320
24 Kleinreifling, UpperAustria 1,080 47°49′N 14°38′E IV 5B 0.000
25 Kleinreifling, UpperAustria 1,080 47°48′N 14°42′E IV A+4B 0.320
26 Sonntagberg, LowerAustria 380 47°59′N 14°45′E IV 4A+E 0.320
27 Zilleck, LowerAustria 900 48°23′N 14°58′E IX 4A+D 0.320
28 Trofaiach, Styria 870 47°25′N 15°00′E III 4B+D 0.320
29 Lobming, Styria 1,100 47°18′N 14°59′E III 5B 0.000
30 Bürgerwald, Styria 950 47°22′N 15°05′E III 5A 0.000
31 Gallmannsegg, Styria 1,100 47°10′N 15°04′E V 3A+B+C 0.560
32 Neubruck, LowerAustria 500 47°58′N 15°11′E IV 4B+D 0.320
33 Paltmühl, LowerAustria 500 48°20′N 15°30′E VII 4B+F 0.320
34 Schweinsbach, Styria 300 46°46′N 15°32′E VIII 5B 0.000
35 Kohleben, Styria 940 47°37′N 15°39′E V 2ª+B+C+D 0.720
36 Mariensee, LowerAustria 875 47°32′N 15°59′E V 4A+E 0.320
37 Lackenbach, Burgenland 470 47°35′N 16°28′E VIII 3A+F+G 0.560
Sample size was five seeds in all cases. 
a Geographic region following Kilian et al., (1994): Region I=central Alps; Region II=northern 
alpine internal zone; Region III=south-eastern 
internal alpine zone; Region IV=north-western Alps; Region V=eastern Alps; Region 
VI=southern calcareous Alps; Region VII=northern 
Alp-foreland; Region VIII=south-eastern edge of the Austrian Alps and pannonic region; 
Region IX=Mühl and Waldviertel 
with Austrian part of Bohemian Massif. 
b Number and identity of haplotypes. 
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Fig. 2 UPGMA dendrogram based on Nei’s (1972) genetic distances between 37 
populations of Picea abies. Bootstrap support (>50) of internal nodes based on 1,000 
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Fig. 3 Haplotype distribution of the seven haplotypes (A–G) found in 37 Austrian 
populations of Norway spruce. Genetic boundaries obtained with Monmonier’s 
algorithm are indicated by red lines a, b, c and d. The black lines represent Delauney 
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3 Discussion & Conclusion 
 
Biodiversity can be defined at genetic, species and community levels. Genetic 
diversity has an impact on the higher levels of biodiversity. Characterization of 
diversity has long been based on morphological traits mainly. However, 
morphological variability is not obvious at all stages of plant development and in 
addition it is affected by the environment. Environmental factors, genetic resources 
management as well as domestication and breeding has continuously narrowed 
genetic variation in plant communities due to continuous selection pressure for 
specific traits. This left these selected plants more vulnerable to disease and insect 
epidemics and in addition was reducing the potential for sustained genetic 
improvement over a long term. Thus it is important to study the genetic composition 
of the germplasm of existing cultivars in comparison to their putative ancestors and 
related species or to investigate the genetic make up of natural populations. This 
provides information on the phylogenetic relationship of species and populations, on 
evolution of species as well as post glacial migration and diversity hot spots or will 
help identifying useful genes for improved fitness. 
There are a number of factors that affect genetic diversity of natural populations; 
probably the most important is the rate of gene flow between populations. One of the 
most significant factors is mobility, as greater mobility of an individual tends to give it 
greater migratory potential. Animals are more mobile than plants, although pollen and 
seeds may be carried long distances by animals or wind. Gene flow can also occur 
between species, either through hybridization (Burnier et al., 2009) or gene transfer 
from bacteria or virus to new hosts. Barriers to gene flow need not always to be 
physical (Fraser et al., 2007; Juan et al., 2004; Kameyama et al., 2002). Species can 
live in the same environment, yet show very limited gene flow due to limited 
hybridization as hybridization might yield ‘unfit’ hybrids (Eckert & Carstens 2008).  
 
DNA mutations 
Mutations are changes in the DNA sequence of a cell's genome and can be either 
caused by external factors (like chemicals, radiation, free radicals) sequence 
transposition (i.e. mobile DNA elements) as well as mistakes occurring during DNA 
replication. Changes in the DNA sequence of an organism form the basis for 
biodiversity, species development and genome evolution.  
Mutations in the genome can either be single base pair mutations, indels or 
chromosome rearrangements, either having no visible effect, alter the product of a 
gene, or prevent the gene from functioning. Mutation rates vary significantly between 
coding and non coding regions (Nishant et al., 2009) as well as between different 
genes (Yi et al., 2006). Reports tell that a single mammalian cell accumulates 10.000 
base lesions per day, most of which are being repaired by DNA repair systems to a 
frequency of 1 mutation every 109 nucleotides (McCulloch & Kunkel 2008).  
Mutations can involve large sections of DNA becoming duplicated, usually 
through genetic recombination (Flagel & Wendel 2009). These duplications are a 
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major source for evolving genes, with tens to hundreds of genes duplicated in animal 
genomes every million years (Grant et al., 2000). Most genes belong to larger 
families of genes of shared ancestry (Soltis et al., 2007). Mutations in the genome 
can be subdivided into germ line mutations, which are passed on to the next 
generation, and somatic mutations, which occur in somatic cells and therefore are 
restricted to the individual carrying the mutation. These are not transmitted to the next 
generation. If an organism can reproduce asexually (via cuttings or budding like 
poplar or willow) somatic mutations also can be transferred to a new individual. 
These de novo mutations are influencing the estimates of effective mutation rates in 
different species. 
Nonlethal mutations whose effects do not influence the fitness of an individual 
accumulate within the gene pool over time due to genetic drift and increase the 
amount of genetic variation (Eyre-Walker & Keightley 2007). The abundance of some 
genetic changes within the gene pool can be reduced by natural selection, while 
other ,more favorable mutations, may accumulate and result in adaptive evolutionary 
changes. Natural selection acts on these mutations that generate advantageous new 
traits that multiply in ‘fitter’ offspring as well as disadvantageous traits, present in ‘less 
fit’ offspring that tends to die out. 
In evolution, the most important role of mutations and chromosomal 
rearrangements may be to accelerate the divergence of a population into new 
species by making populations less likely to interbreed, and thereby accelerating 
speciation (Ayala & Coluzzi 2005). Shared evolutionary ancestry means that similar 
structures possibly evolved from some common ancestor. Homology of sequences is 
often concluded on the basis of sequence similarity. For example, if two or more 
genes have highly similar DNA sequences, it is likely that they are homologous. But 
sequence similarity may also arise without common ancestry: short sequences may 
be similar by chance, and sequences may be similar because both were selected to 
bind to a particular protein, still, they don’t have common ancestry. There are two 
types of homologous sequences: orthologs and paralogs. Orthologous are 
sequences that were separated by a speciation event whereas sequences are called 
paralogous if they were separated by a gene duplication event (i.e. duplicated gene 
located in two different positions in the same genome). In a phylogenetic analysis like 
the DNA barcoding, orthologous genes are analyzed for taxonomic questions 
(Pennisi 2007) as well as genetic diversity measurements (Shneer 2009). The pattern 
of sequence divergence can be used to trace the relatedness of organisms. 
Comparative genomics is studying these genomic relationships between different 
species and utilizes synteny between genomes for marker development or the 
identification of orthologous genes of interest in closely related species (Ahn & 
Tanksley 1993; Conte et al., 2008). 
Nowadays, a variety of different genetic markers has been proposed to assess 
genetic variability as a complementary strategy to more traditional approaches in 
genetic resources management. Molecular tools provide valuable data on diversity 
through their ability to detect variation at the DNA level. For evaluation of species 
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diversity, it is essential that individuals can be classified accurately. The identification 
of taxonomic units and endangered species, being distinct from their more abundant 
relatives, is important in the development of appropriate conservation strategies. In 
population studies, molecular tools are being used to identify parents or to estimate 
the degree of relatedness among individuals.  
 
DNA-based molecular markers have become the tool of choice for genetic 
diversity assessment (Ohsawa & Ide 2008; Vencovsky & Crossa 2003) and many 
DNA markers both specific as well as arbitrary have been used so far for DNA 
fingerprinting of various classes of germplasm (Vencovsky & Crossa 2003). For 
different questions in relation to studying the genetic diversity of a given sample set, 
criteria as defined by different authors (Agarwal et al., 2008b; Gerber et al., 2000; 
Mariette et al., 2002) should be taken into account in particular considering the trade-
off between using (i) numerous but less informative markers randomly distributed 
within the genome (AFLP, SSAP, ISSR, RAPD) or (ii) a few highly informative 
markers (microsatellites, DNA sequencing or SNPs). Genome analysis based on 
molecular markers has generated a vast amount of information, enhancing breeding 
as well as conservational biology and taxonomic studies, but with every class of 
markers, different restrictions have to be dealt with. Depending on the study, different 
molecular markers can be used, varying between very fast evolving microsatellites or 
some more slowly changing regions like intergenic spacers and introns. 
 
Molecular markers, their applications and problems 
 
Anonymous markers 
The most widely used anonymous marker types are RAPD and AFLPs. Both of 
the techniques are generating multiband patterns targeting regions which are thought 
to be evenly distributed throughout the genome. The detected regions are hit either 
by arbitrary primers, or primers representing adaptor sequences which have been 
ligated to restriction fragments as in the case of AFLPs. The advantage of these 
marker types is that little developmental effort is needed in order to generate 
molecular data on any given species. Due to the fact that the methods rely on short 
sequence stretches (6–10 bp) which are present in all species and are more or less 
evenly distributed throughout the genome, no a priori sequence information is 
necessary to apply these techniques.  
Anonymous markers gained popularity as tools for the study of genetic 
polymorphism especially in species where polymorphism is low. In wild barley, for 
example, AFLP or RAPD were used for studying variation with reference to salt or 
drought tolerance and associated ecogeography (Nazari & Pakniyat 2008; Pakniyat 
et al., 1997). These studies have helped in the classification of existing biodiversity 
among plants, which can be further exploited in ‘wild gene introgression programs’. 
Still there are some issues that need attention. When applying these anonymous 
markers for diversity studies in natural popoulations, quality of DNA is an important 
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issue influencing results substantially. AFLP is quite sensitive to DNA quality and the 
presence of residual inhibitors in the DNA extract or degraded DNA samples as 
compared to standard PCR-based applications (Bensch & Akesson 2005). 
Degradation of the DNA sample will shift the range of amplified fragments towards 
shorter fragments, making comparison of fingerprints between individuals impossible 
whereas the presence of inhibitors results in incomplete digestion of the template 
DNA and thus altering the profile as well. Variation in DNA concentration seems less 
critical than variation in DNA quality.  
Another problem are primer–dimers that can form in AFLP or RAPD reactions at 
lower stringency in the absence of a DNA template. These dimers subsequently 
produce three or four bands in blanks (i.e. ‘no template controls’). These bands might 
also appear in varying amount even when template DNA is present, causing 
problems when analysing closely related samples (i.e. paternity assignment) as the 
estimated error rate is between 1.9% and 2.5% (Busch et al., 2000; Miller 2000). 
Another factor having potential of altering the fingerprint profile is DNA methylation. 
When using PstI as restriction enzyme for AFLP analysis, it has been observed that 
in mapping populations, due to parental PstI-site methylation up to 10% of the bands 
don’t fit the profile anymore (Isidore et al., 2003). 
A basic assumption of the AFLP technique is that the amplified DNA fragments 
are randomly distributed in the genome. A few studies have found fragments to 
cluster for example near centromeres (Lindner et al., 2000). When using them for 
saturating linkage maps there have been observations that certain regions of the 
chromosomes lack or have underrepresented restriction sites leading to the fact, that 
in these regions marker saturation cannot be reached with the chosen marker type 
(Isidore et al., 2003). In addition, when generating linkage maps, anonymous markers 
always have to be combined with sequence specific markers like SSRs or SNPs as 
positional ‘anchors’ along the genetic maps (Menz et al., 2004; Yu & Wise 2000) 
where anonymous markers can be positioned in the space between the sequence 
characterized positions.  
When using anonymous markers to discriminate resistant from susceptible plants 
by trying to identify one or a few bands distinguishing individuals, a subsequent step 
is the cloning of the band of interest, assuming that this DNA fragment is somehow 
related to the trait of interest. In RAPD as well as in AFLP one has to be aware, that 
besides the strongly visible bands, also a wide variety of DNA fragments is generated 
during PCR which might be equally big in size, but not visible on the gel used for 
analysis. Therefore turning anonymous markers over to STS (sequence tagged sites) 
needs careful evaluation of the isolated fragments(Béaszczyk et al., 2005; Cao et al., 
2008; Karsai et al., 2007). 
 
Sequence specific markers 
Markers targeting a specific known sequence in the genome are being 
increasingly used in all fields of plant genome analysis. From marker assisted 
selection to linkage map production, from taxonomy applications to diversity studies, 
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especially in the light of the novel ‘high throughput sequencing technologies’ which 
significantly ease the generation of, and thus access to, sequence data necessary to 
develop these sequence specific markers, sequence specific markers re getting 
increasingly important. Microsatellites (SSRs), transposon based marker systems as 
well as SNPs (Single Nucleotide Polymorphis) are the most popular marker classes 
in this category.  
 
Simple sequence repeats (SSRs) 
Plant genomes contain large numbers of simple sequence repeats, or 
microsatellites, of < 6 bp which are tandemly repeated and widely scattered at many 
hundreds of loci throughout the genome. They can be found in the nuclear genome 
as well as in the organellar DNA. SSRs are robust, hypervariable and codominant 
molecular markers suitable for a wide range of applications. SSRs are routinely used 
in the study of population genetic structure and diversity, pedigree reconstruction and 
genetic linkage mapping. Their potential for cross-species amplification make 
microsatellites in addition interesting for applications in ‘orphan crops’ and less 
investigated species. A variety of methods for SSR isolation has been developed in 
recent years and the efforts required to obtain sufficient working SSR primer pairs 
have been comprehensively reviewed by (Zane et al., 2002). With the advent of the 
454 sequencing technology, the conventional strategies used to develop SSR 
markers which were usually labor-intensive, time-consuming, and expensive, have 
become obsolete. Nowadays thousands of SSR regions can be identified in silico 
simultanously, using the sequencing data generated either from genomic shotgun 
sequencing or from sequencing the transcriptome of a given species (Jo et al., 2009; 
Tangphatsornruang et al., 2009; Varshney et al., 2009). PCR amplification still needs 
to be optimized for the regions identified in silico. In genomes with large portions of 
repetitive elements like the conifers, using the transcribed part of the genome for 
marker development eases the generation of SSR markers targeting single copy 
regions of the genome (Scotti et al., 2002). In addition, when using ESTs as basis for 
marker development, the detected variation is located in the transcribed region of the 
genome, possibly having functional impact on the gene concerned, thus allowing to 
measure potential functional diversity (Salem et al., 2009; Sharma et al., 2009). 
Microsatellite variability is widely used to infer levels of genetic diversity in natural 
populations. However, a bias caused by selecting only the most polymorphic markers 
in the genome may lead to reduced sensitivity for identifying genome-wide levels of 
genetic diversity (Va¦êli et al., 2008). This potential limitation of microsatellite-based 
approaches has been tested to assess the degree of nucleotide diversity in 
noncoding regions of eight different carnivore populations. Estimates of nucleotide 
diversity varied in some cases with an order of magnitude despite very similar levels 
of microsatellite marker heterozygosity. These results imply that variability at 
microsatellite marker sets typically used in population studies may not accurately 
reflect the underlying genomic diversity. Therefore researchers might consider using 
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resequencing-based approaches for assessing genetic diversity when accurate 
inference is critical (Va¦êli et al., 2008). 
Another issue that needs attention when using SSR for population genetic 
diversity measurements in natural populations are null alleles. For paternity testing in 
breeding populations these null alleles (alleles that fail to amplify from one allele due 
to mutations in the primer binding site and are thus undetected in heterozygotes), is 
not a large problem because of the small sample size (offspring and potential 
progenitors). However, when analyzing a natural population problems can arise from 
PCR-based microsatellite assays as null alleles would reduce heterozygosity 
measures in the investigated populations. With null allele frequencies ranging 
between 5% and 8% on average across loci, population genetic parameters such as 
genetic differentiation (FST) may be mostly unbiased. However, using these markers 
with such average prevalence of null alleles (up to 15% for some loci) can be 
seriously misleading in fine scale population studies and parentage analysis (Oddou-
Muratorio et al., 2009) in samples from uncontrolled crosses (i.e. collections in natural 
habitats). 
 
Single nucleotide polymorphism (SNP)  
Single nucleotide polymorphisms (SNPs) are abundant and evenly distributed 
throughout the genomes of most plant species. They have become an ideal marker 
system for genetic research in many crops such as maize (Ching et al., 2002; Yan et 
al., 2009) or rice (Feltus et al., 2004; McNally et al., 2009). There are virtually infinite 
possibilities to identify sites within the genome where a short stretch of DNA in a pair 
of homologous chromosomes of the same individual or between two individuals 
differs by a single base. SNPs arise as mutations involving base pair substitutions, 
from errors in DNA replication or from mutagenic agents. In terms of their location in 
the genome, SNPs may be found in coding or regulatory sequences of a gene as well 
as in noncoding regions. They comprise 90% of the genetic variation in any 
organism, with varying frequency in coding and noncoding regions. For example in 
soybean EST coding regions 1 SNP per 3.260 bp has been observed whereas in 
noncoding regions (UTRs) 1 SNP in 278 bp was found (Van et al., 2004). In the 
COBL gene of poplar, on the other hand, one basepair mutation was found every 
32,8 bp when investigating 40 individuals from a wide geographic range (Zhang et al., 
2009). For different Eucalyptus species, investigating 23 different genes in 1.764 
individuals, similar results habe been found for closely related species (one SNP 
every 33 bp for E. nitens and one in every 31 bp in E. globulus was detected), wheras 
for E. camaldulensis one SNP every 16 bp and one in 17 bp for E. loxophleba on 
average was found (Kuelheim et al., 2009). This finding shows that two individuals of 
one species that are closely related are more likely to share identical SNPs than 
those that are more distant. Individuals belonging to the same family or the same 
population share more common SNPs because of their shared ancestry. Population 
and quantitative genetics theory is built on parameters that describe relatedness and 
estimation of these parameters from genetic markers enables progress in fields as 
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disparate as plant breeding, human disease gene mapping and forensic science 
(Weir et al., 2006). 
When SNPs occur in the coding sequences they may or may not affect the 
phenotype, depending on the base pair change concerned (same-sense, mis-sense 
or nonsense mutation). In such a situation the SNP will show association with the 
gene or trait concerned, and will be useful in association mapping and marker-
assisted selection (MAS) (Gupta et al., 2009; Kota et al., 2008; Wang et al., 2009a; 
Xing et al., 2007).  
In cases where, caused by a large genome size like in conifers, there is a rapid 
decay of linkage disequilibrium, often within gene limits, SNPs in coding regions can 
help to overcome this problem. In white spruce (Picea glauca) this method was used 
to identify genes linked to local adaptation. Genes potentially under natural selection 
were identified by estimating the differentiation in SNP frequencies among 
populations, resulting in a list of candidate gene variants for local adaptation specific 
to arid cold and humid environment (Namroud et al., 2008; Wang et al., 2009a). 
These investigations are made possible by the technological advances of the last 
years when reference genomes were generated and high throughput technologies 
were established. With these techniques – array based or bead based (Akhunov et 
al., 2009; Gupta & Young 2009; Wang et al., 2009a) – hundreds of genes and 
thousands of individuals can be investigated simultaneously at up to one million SNP 
loci at a time using automatized effective genotype analysis (Wang et al., 2009a; Yan 
et al., 2009). In combination with next generation sequencing technology, this allows 
map saturation in species where little genomic information was available before like 
in melon (Deleu et al., 2009b) or for assembling genetic anf physical maps (Kota et 
al., 2008) as well as large scale association mapping or SNP discovery (Trick et al., 
2009). Their application in plant improvement programs (Gupta et al., 2008; Wang et 
al., 2009a) has become obvious and possible as in the case of rice, where 
introgression patterns of shared SNPs revealed the breeding history and 
relationships among 20 tested varieties; some introgressed regions are associated 
with agronomic traits that mark major milestones in rice improvement (McNally et al., 
2009). Especially for domesticated plants, the application of SNPs in mapping and 
breeding has some restrictions, as it has been observed that, when performing 
genome-wide comparison of 2 rice cultivars, 8% of the genome shows extremely low 
SNP rates indicating adaptive selection for domestication-related genes located in 
these genomic regions, suggesting that this low SNP frequency is strongly related to 
domestication (Wang et al., 2009a). The availability of molecular markers for 
important agronomic traits combined with more efficient marker detection systems will 
help reach the full benefit of MAS in the breeding effort to reassemble potential genes 
and recapture critical genes among the breeding lines that were lost during 
domestication to help boost crop production worldwide (Utomo & Linscombe 2009). 
Conservation and thus transferability of SNP marks between varieties and 
species was assayed by in a genome-wide analysis of SNP diversity in a collection of 
major cereal crops by in silico comparison of 3.5 million ESTs (Barker & Edwards 
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2009). The frequency of sequence polymorphism was lowest in diploid taxa (rice, 
barley and sorghum), intermediate in tetraploid maize and highest in allohexaploid 
wheat and octoploid sugarcane. SNPs generated due to sequencing errors which are 
inherently present in large datasets are getting less likely when detected between 
closely related varieties as they are unlikely to co-segregate with one another. 
Sequencing of the highly heterozygous Vitis vinifera L. cultivar Pinot Noir gave rise to 
several thousand SNPs which were used for a transferability survey in 69 grape 
accessions (Vezzulli et al., 2008). Transferability of 31.5% of the 137 investigated 
SNPs using the PCR based SNPlex Genotyping System across unrelated cultivars of 
V. vinifera, of 18.8% across wild forms of V. vinifera, of 2.3% among non-vinifera Vitis 
species, and of 0% with Muscadinia rotundifolia was found. This limited applicability 
for non-vinifera vitis species leads to the conclusion that a resequencing strategy 
should be applied instead of a PCR based approach for future applications such as 
mapping and diversity studies, accession identification or breeding when working with 
genetically less related species.  
 
Nuclear/Chloroplast/Mitochondrial DNA  
The marker types described above are present in the three genomes available in 
plants. The inheritance of the mitochondrial and chloroplast genome differs from that 
of the nuclear genome in showing uniparental inheritance, vegetative segregation 
and reduced recombination. Therefore the three genomes can have different modes 
of transmission and experience varying levels of gene flow. As reviewed by 
Mogensen, (Mogensen 1996) organelles are inherited in a nonMendelian fashion in 
all eukaryotic organisms investigated. Among the seed plants, plastids can be 
inherited strictly from the female parent, strictly from the male parent, or biparentally. 
Most flowering plants exhibit maternal plastid inheritance, but approximately one-third 
of the genera displays biparental plastid inheritance to some degree. Among the 
gymnosperms, paternal plastid inheritance is the rule in the conifers, whereas the 
other groups appear to have maternal plastid inheritance. Mitochondrial inheritance is 
predominantly maternal in the seed plants, except for a few coniferous families where 
it is predominantly paternal. 
Chloroplast DNA (cpDNA) is mostly maternally inherited in the majority, but not 
all, of angiosperm species. The mode of inheritance of cpDNA is a critical 
determinant when using the genome for measuring molecular evolution and 
population genetic structure. Therefore careful investigations have to be made as to 
which extent cpDNA shows inheritance other than maternal i.e leakage. There are 
several examples in literature reporting on biparental or paternal via the pollen. Very 
often exceptions from the maternal mode of inheritance of cpDNA can be seen in 
inter- or intraspecific crosses as in the case of azalea (Kobayashi et al., 2008), but 
also in natural populations as in the case of Silene vulgaris, where 1,5% of the 
offspring from natural populations did not match the mother’s chloroplast type 
(McCauley et al., 2007). When using cpDNA as phylogenetic marker like in barcoding 
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approaches (Kress & Erickson 2008), it has to be kept in mind, that hybridization is 
also a naturally occurring mechanism in speciation and evolution of genetic diversity.  
Distorted ways of chloroplast inheritance have been observed in cases where 
nuclear-cytoplasmic incompatibility manifested as deficiency of chlorophyll 
pigmentation required proliferation of paternally inherited plastids for normal 
performance (Bogdanova 2007). MtDNA always seems to obey to the maternal way 
of inheritance, also in the case of passiflora hybrids, where mtDNA was inherited 
maternally, whereas cpDNA in some cases showed paternal inheritance (Muschner 
et al., 2006). These results are of significance for the ongoing studies which are being 
performed on the molecular evolution of genera and the discussions on which marker 
region should be used for barcoding and constructing the ‘tree of life’.  
When deciding on the use of markers in different genomes also the mutation rate 
and thus the data drawn from investigations of these genomes have to be taken into 
account. MtDNA evolves about 5–10 times faster than nuclear single copy number 
DNA, where coding genes are conserved. Thus, different DNA signatures are left on 
different types of molecular markers. Both single-copy nuclear DNA and mtDNA 
contain historic genetic mutations and are suitable for resolving taxonomic questions; 
mtDNA markers and nuclear repetitive elements contain more information on recent 
genetic variation than single copy DNA. In recent studies, more than one genome 
was used to answer specific questions of hybridization, speciation or gene flow. 
Results are reviewed by (Petit et al., 2005) on 183 species belonging to 103 genera 
and 52 families showing that  the mode of inheritance appears to have a major effect 
on gene diversity (GST). Maternally inherited genomes experience considerably more 
subdivision (median value of 0.67) than paternally or biparentally inherited genomes 
(-0.10). Variation in cpDNA and mtDNA markers shows similar levels of diversity 
when both genomes are maternally inherited, whereas at paternally and biparentally 
inherited markers, variability is less similar. Variability at maternally inherited markers 
is largely independent of values based on nuclear markers.This also has been 
observed by Muir (Muir & Filatov 2007) where maternally inherited chloroplast genes 
as compared to paternally inherited Y-linked genes showed significant loss of 
polymorphism in chloroplast genes. 
Not only the sample sizes but also the analysis tools and methods are currently 
changing significantly. A new generation of sequencing technologies, Illumina/Solexa, 
ABI/SOLiD, 454/Roche, and Helicos, provides new opportunities for high-throughput 
functional genomic research. These technologies are being applied in a variety of 
contexts, including whole-genome sequencing, targeted resequencing, and RNA 
expression profiling. The sudden availability of DNA sequencing technologies that 
rapidly produce vast amounts of sequence information transforming polymorphism 
discovery, analysis of genetic variation mutation mapping, DNA methylation, histone 
modifications, gene discovery, transcriptome sequencing, alternative splicing 
identification and small RNA profiling (Lister et al., 2009; Morozova & Marra 2008). 
Thus, these deep sequencing technologies offer plant biologists unprecedented 
opportunities to increase the understanding of the functions and dynamics of plant 
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cells to whole populations. Although the methods have only been available for a short 
period of time, high-throughput sequencing techniques are strongly affecting life 
sciences and are opening out new potential avenues of research.  
Identification and tracking of genetic variation is becoming efficient and precise so 
that thousands of variants can be tracked within large populations, which for the first 
time allows wide application of markers analyzing differences at the nucleotide level. 
New applications and approaches are just being developed, such as allele-specific 
expression assays to identify cis, trans, and cis-by-trans regulatory variation (Main et 
al., 2009) or new methods for genotyping of thousands of samples in parallel using 
only one sequencing run (Erlich et al., 2009).  
Important areas of application will be large-scale development of molecular markers 
for linkage mapping, association mapping, transcript profiling, population genetics 




Apart from variations on the DNA level, there are also epigenetic factors 
influencing gene expression – and to some extent also marker applications. The term 
epigenetics refers to heritable changes not encoded by DNA. As epigenetic factors, 
DNA methylation, histone protein methylation, heterochromatin structure and 
microRNAs are influencing the phenotype of an individual (Djupedal & Ekwall 2009). 
Large parts of eukaryotic genomes consist of constitutively highly condensed 
heterochromatin, important for maintaining genome integrity but also for silencing of 
genes within these regions.  
DNA methylation occurring on the 5 position of the pyrimidine ring of cytosines in 
the context of the dinucleotide sequence CpG forms one of the mechanisms of 
epigenetic control and modulation of gene expression. DNA methylation plays an 
important role in many aspects of biology, including development and disease. 
Methylation can be detected using bisulfite conversion, methylation-sensitive 
restriction enzymes, methyl-binding proteins and anti-methylcytosine antibodies. 
Combining these techniques with DNA microarrays and high-throughput sequencing 
has made the mapping of DNA methylation feasible on a genome-wide scale 
(Zilberman & Henikoff 2007), using the results as biomarkers of deseases (Tost 
2009) or stress adaptation in plants (Chinnusamy & Zhu 2009). When using 
traditional DNA markers, one has to be aware that DNA methylation can strongly 
influence the result of restriction enzyme or PCR based marker applications due to 
the fact that methylation at CpG islands could either prevent the binding of a PCR 
primer to the target region or hinder a methylation sensitive restriction enzyme from 
cutting at a specific sequence. Especially in AFLP approaches, where PstI is 
frequently used as restriction enzyme, differences in banding patterns between 
individuals might as well originate from differences in the methylation pattern at the 
PstI site rather than from sequence mutations. These methylation differences can as 
well be exploited as molecular markers when detecting them either by differences in 
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restriction sites using methylation sensitive enzymes, or by bisulfite sequencing 
(Hayatsu et al., 2008; Reed et al., 2010). Bisulfite deaminates cytosine in nucleic 
acids, while 5-methylcytosine resists this bisulfite action. For this reason, bisulfite 
treatment can be used for detecting 5-methylcytosine in DNA (Hayatsu et al., 2008). 
The use of methylation sensitive enzymes has led to methylation filtration 
techniques that where used directly as markers such as methylation-sensitive 
amplified polymorphism (MSAP)(Rabinowicz et al., 2005; Tan 2010). The 
hypomethylated fraction of plant genomes is usually enriched in genes and has been 
used to selectively clone gene space related sequences from the maize (Emberton et 
al., 2005) or rice (Berenyi et al., 2009) genome. Methylation differences can not only 
be found between individuals but also between the different tissues of one individual 
(Lu et al., 2008). 
Richards (Bossdorf et al., 2008; Richards 2008) reports on the first attempt to 
investigate epigenetic differences at the population level. Population epigenetics is 
emerging as an addition to molecular genetics, genomics, and population biology, 
and addresses questions concerning the prevalence and importance of epigenetic 
variation in the natural populations. Heritable variation in ecologically relevant traits 
can be generated through a suite of epigenetic mechanisms, even in the absence of 
genetic variation. Moreover, recent studies indicate that environmentally induced 
epigenetic changes may be inherited to future generations (Bossdorf et al., 2008). 
Comparative studies on stress-responsive epigenomes and transcriptomes are just 
starting and will enhance our understanding of stress adaptation of plants (Elling & 
Deng 2009; Wang et al., 2009b).  
The development of a diversity of DNA-based markers in the past twenty years 
has revolutionized biological, forestry and agricultural science. Molecular markers 
have demonstrated usefulness for plant genotyping and population genetic analysis. 
Genome characterization by DNA-fingerprinting has generated valuable information 
on population structure and molecular genetic diversity. Large sets of molecular 
markers were developed for hundreds of species, genetic and physical maps of high 
density were constructed for agricultural breeding material as well as for trees or 
ornamentals. With the advent of the new generation of molecular tools, screening 
large natural populations or segregating progenies has become possible.  
With the work presented here, we contributed to the marker development in 
different areas of plant genomics, and proved the applicability of the different marker 
types targeting the three different genomes (nuclear, mitochondrial, chloroplast) 
available in plants.  
In order to investigate the genetic variation present in Alpine Rhododendron 
populations, nuclear SSRs were developed for Rhododendron ferrugineum and 
Rhododendron hirsutum by generating genomic libraries enriched for dinucleotide 
repeats. These newly generated markers subsequently were used to investigate relict 
populations of the alpine rose in Italy and Austria. The same method was applied to 
isolate SSR regions for the identification of Paeonia suffruticosa varieties available in 
a germ plasm collection in Schönbrunn. In the latter case, also an in silico approach 
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was used in order to identify SSRs present in publicly available ESTs (sequence 
information on Expressed Sequence Tags). By this approach, 5 additional SSR 
markers for Paeonia suffruticosa as well as 24 EST-SSRs for Picea abies could be 
generated in relatively short time. These EST-SSRs have added value as they are 
part of expressed sequences and thus can be used for measuring the functional 
diversity in Norway spruce as well as Paeonia.  
For Quercus robur L. and Quercus petrea L. SSRs as well as VNTRs were 
isolated by a standard wet lab approaches and used for diversity measurements in 
Austrian populations of oak. In addition, these markers, together with RAPDs, RFLPs 
and SCARs were mapped on a genetic map of a French controlled oak cross. Due to 
their hypervariable nature and sensitivity to mutations, nuclear microsatellites for oak 
were used to test for somaclonal variation occurring in tissue cultue material over 
time. With this approach we could prove the usefulness of the SSRs for testing the 
genome stability under stress.  
Maternally inherited markers were developed for Populus nigra L. and Picea 
abies. In order to assess the genetic diversity in Populus nigra L. sampled throughout 
Europe, a chloroplast DNA based marker system was developed and applied. For 
Norway spruce on the other hand, the maternally inherited mitochondrial genome 
was targeted for marker development. Using these new mt markers for Norway 
spruce it could be shown that there is moderate genetic variation in Austrian Norway 
spruce strands, not detected before.  
The newly developed nuclear as well as organellar markers are valuable tools for 
the assessment of genetic diversity in natural populations as well as plant selection 
programs. Using this DNA based molecular information it is possible to analyze the 
genetic structure of populations, to estimate gene flow between populations and, as 
in the case o f poplar, to identify naturally occurring clonal material. With these new 
markers, specific population genetic as well as phylogeographical questions can be 
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4 Appendix  
 
Complete Sequence of the 2.3 kb fragment  
 
10        20        30         40       50 
                 |          |        |         |         | 
    EcoRI  ⏐⎯OpD7⎯⎯Scar1⎯⎯⎯⎯→ 
      1 GAATTCGGCTTTTGGCACGGGTAATATTTGAAAAAAAATCAATACCATTA 
        CTTAAGCCGAAAACCGTGCCCATTATAAACTTTTTTTTAGTTATGGTAAT 
 
    ⏐⎯⎯⎯RevCor1⎯⎯⎯⎯⎯→ 
     51 TATAAAGAATCGACTTCAATGCAAGTCTCAATTGCAAAAGAAAGAATCCT 
        ATATTTCTTAGCTGAAGTTACGTTCAGAGTTAACGTTTTCTTTCTTAGGA 
 
   RevCor repeat1  RevCor repeat2 
    101 CTTTGCTTTCTCACAAGCAGTTCTTAAAAAAGAATCCTCTTTGCTTCTCA 
        GAAACGAAAGAGTGTTCGTCAAGAATTTTTTCTTAGGAGAAACGAAGAGT 
 
    151 CAAGCAGTTCTTAACCTCCTAAGAGCTTGGAATTCCCACTAATGTCCACC 
        GTTCGTCAAGAATTGGAGGATTCTCGAACCTTAAGGGTGATTACAGGTGG 
 
           ⏐⎯⎯⎯⎯ 
    201 TTGTATTGCCTCTTAAATATTTCAACAAAGTGATTCACTATTCGGTTATC 
        AACATAACGGAGAATTTATAAAGTTGTTTCACTAAGTGATAAGCCAATAG 
 
      SeqPri16mer⎯→   ←⎯⎯⎯⎯RevCor2⎯⎯⏐ 
    251 AAAGTCCTCACCTCCAAGGTAAGTGTCTCCAACAGCCTTCACTTCAAAGA 
        TTTCAGGAGTGGAGGTTCCATTCACAGAGGTTGTCGGAAGTGAAGTTTCT 
 
 
    301 TACCCTTGTCAATAGTAAGTAGTGAGACATGTAGTTGCCACCACTCAAAT 
        ATGGGAACAGTTATCATTCATCACTCTGTACATCAACGGTGGTGAGTTTA 
 
    351 CAAAAGTCAACACATTCTCATTGCCAATGCTATTGTAACTTGTCTAGACC 
        GTTTTCAGTTGTGTAAGAGTAACGGTTACGATAACATTGAACAGATCTGG 
 
    401 GTAAGCAAGGGCTGAAGCAGTTCATTAATTATACGTAGGACATTTAGACC 
        CATTCGTTCCCGACTTCGTCAAGTAATTAATATGCATCCTGTAAATCTGG 
 
    451 TGCAATGCTTTTGCATCCTTTATAGCCCTACGCTGGGAGTCATTGGAGTA 
        ACGTTACGAAAACGTAGGAAATATCGGGATGCGACCCTCAGTAACCTCAT 
    HaeIII 
    501 GCGAGGACAGTAACAACCGGTTTCTTCGACAGTTTTGCCTAGGTATGCCT 
        CGCTCCTGTCATTGTTGGCCAAAGAAGCTGTCAAAACGGATCCATACGGA 
 
    551 CAGCTATTTCACGCATCTTTATTAGACCATATATGAGATTTCCTCAGCAG 
        GTCGATAAAGTGCGTAGAAATAATCTGGTATATACTCTAAAGGAGTCGTC 
 
    601 CAAGTGCTTCTCTTCGCCTTTATAGTTGACCACAATCATAAGCTTATCAC 
        GTTCACGAAGAGAAGCGGAAATATCAACTGGTGTTAGTATTCGAATAGTG 
 
    651 CAGACCTTCAATACCTTAAATGCCAAAGGTTGAAATCACTCTGAACCAAA 
        GTCTGGAAGTTATGGAATTTACGGTTTCCAACTTTAGTGAGACTTGGTTT 
 
      ←⎯SilvF2Seq⎯⎯⏐ 
    701 GGATCACTGAATCTCCTACCGATCAACCGCTTTGCATCTAGAAAATAATT 
        CCTAGTGACTTAGAGGATGGCTAGTTGGCGAAACGTAGATCTTTTATTAA 
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    751 TCCCTTTTAAGAAACAGATATGTCAAATAGTAGATGAATAATACAACCTT 
        AGGGAAAATTCTTTGTCTATACAGTTTATCATCTACTTATTATGTTGGAA 
 
    801 AATGCACAAGAAGCATTATATATTGAGTTTTTTTTTTTTTTTTTTTTTTT 
        TTACGTGTTCTTCGTAATATATAACTCAAAAAAAAAAAAAAAAAAAAAAA 
 
    851 TTACGAGTGTACTTTTCATTCCTGAATTTAAGAAATTGAAGCGCAACATT 
        AATGCTCACATGAAAAGTAAGGACTTAAATTCTTTAACTTCGCGTTGTAA 
 
       ⏐⎯⎯F2C1⎯⎯⎯⎯→ 
    901 CAGTAGCTCATGACCTAATAAGATAGTCATAAAAGAGAGAGGACTAAGGA 
        GTCATCGAGTACTGGATTATTCTATCAGTATTTTCTCTCTCCTGATTCCT 
         
    951 AAAATCAAGATTAAATTATAAATTACACTCAAGCTTTAGGGGATTATTTT 
        TTTTAGTTCTAATTTAATATTTAATGTGAGTTCGAAATCCCCTAATAAAA 
 
  F2Core repeat (RepMot No.2) 
   1001 TGACTTTTACTCCCTAAAGTTTCAAAATTTCAATATGCTCTCATAACATA 
        ACTGAAAATGAGGGATTTCAAAGTTTTAAAGTTATACGAGAGTATTGTAT 
 
       ←⎯⎯⎯⎯F2C2⎯⎯⎯⎯⏐ 
⏐⎯⎯⎯F1MnlA⎯↑⎯⎯→ 
   1051 AAGTCTCATGAGTAGTCAATCCCTTCCAACTTTGTGTTGTGCCTAGCTGT 
        TTCAGAGTACTCATCAGTTAGGGAAGGTTGAAACACAACACGGATCGACA 
 
    HaeIII        ←⎯⎯⎯Mot1PCR⎯⎯⏐ 
   1101 CTTAAGCGTATAAGATTGGGCCGCAGTGCTGCCCTCTATGTTTGTAACTT 
        GAATTCGCATATTCTAACCCGGCGTCACGACGGGAGATACAAACATTGAA 
         Mnl repeat1(RepMot No.1)  
 
  Mnl repeat2   Mnl repeat3 
   1151 ACATCTATGTTTGAAATTGTATTGATTTGAACCCTCTATGTTTGGAACTG 
        TGTAGATACAAACTTTAACATAACTAAACTTGGGAGATACAAACCTTGAC 
   Mnl repeat4 
   1201 TCATACACCCTCTATCTTTGAAATTGTTTTTAATTGATTTCGAACTTAAC 
        AGTATGTGGGAGATAGAAACTTTAACAAAAATTAACTAAAGCTTGAATTG 
 
    ⏐⎯⎯⎯⎯F1C2 ⎯⎯⎯→ 
    ↑←⎯⎯F1MnlB⎯⎯⎯⎯⏐↑ 
   1251 CAGCTAACCAAAGTCATTACAAGCCCTCTCCTCAGGGAAGGATTTTTTTT 
        GTCGATTGGTTTCAGTAATGTTCGGGAGAGGAGTCCCTTCCTAAAAAAAA 
 
   1301 TATAAGGCTTCACACATTGTATGGGAAGCAAATCCAAATGATGATACCTG 
        ATATTCCGAAGTGTGTAACATACCCTTCGTTTAGGTTTACTACTATGGAC 
 
    F1Cor( RepMot No.2)  ⏐⎯⎯⎯Mot2pcr 
   1351 AAGTTAGGAGAGCCAATCAAAATATTGAAACTTTAGGGGAGCAAAATTAA 
        TTCAATCCTCTCGGTTAGTTTTATAACTTTGAAATCCCCTCGTTTTAATT 
 
    ⎯⎯⎯→    ⏐⎯ F1RevSeq3’(=F1V4)→ 
   1401 AATTACCCCAAAGCTTTATATATATATAGATGGGATTGACGAGAACATGT 
        TTAATGGGGTTTCGAAATATATATATATCTACCCTAACTGCTCTTGTACA 
 
   1451 TATAGTGACGAGGTAGCGTTATGACGAGGTTATCCCATGACGACAAACAA 
        ATATCACTGCTCCATCGCAATACTGCTCCAATAGGGTACTGCTGTTTGTT 
 
   ←⎯⎯⎯⎯⎯⎯F1C1 ⎯⎯⎯⎯⏐ 
   1501 ACCATCAACAACGAGGAAAGGAAGGTCATTCAATGGTGCCAGCAAGTAAC 
        TGGTAGTTGTTGCTCCTTTCCTTCCAGTAAGTTACCACGGTCGTTCATTG 
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   1551 TTGGGCAGTTACGAAACCAGCAAAGACGACCGTTGGAAGCTAATAAAAGC 
        AACCCGTCAATGCTTTGGTCGTTTCTGCTGGCAACCTTCGATTATTTTCG 
 
        ⏐⎯⎯⎯F1V2 ⎯⎯⎯⎯ 
   1601 CCCATAATTGTGCTTGAGGCGTTATGAAAGAAGAACATTTACACTCCATC 
        GGGTATTAACACGAACTCCGCAATACTTTCTTCTTGTAAATGTGAGGTAG 
 
    ⎯→      ←⎯⎯⎯⎯⎯ 
   1651 GGCTAGCAGTCAGGCTCACAGATATAAAGCTCTAACATTTGCAGCTAATA 
        CCGATCGTCAGTCCGAGTGTCTATATTTCGAGATTGTAAACGTCGATTAT 
 
    ⎯F1V3 ⎯⎯⎯⎯⏐ 
   1701 AGGTACGAGACTAAGATTCTAAAAATACACTTCTTGCTTTTTAGTTTTGT 
        TCCATGCTCTGATTCTAAGATTTTTATGTGAAGAACGAAAAATCAAAACA 
 
   1751 AAACAGCTTGATTGTTCTAACTTTGGCATCGGAGACGTTGTGGCAGGCAC 
        TTTGTCGAACTAACAAGATTGAAACCGTAGCCTCTGCAACACCGTCCGTG 
 
   1801 CACACCGGTGACCACCTTTCTTGAAGAGGACCAGGTACTCACGAGGAGTT 
        GTGTGGCCACTGGTGGAAAGAACTTCTCCTGGTCCATGAGTGCTCCTCAA 
 
   1851 CCATCTGCCTACTGAGACTGACGAGTTTGCACCTCATCAATTTGGCGCCG 
        GGTAGACGGATGACTCTGACTGCTCAAACGTGGAGTAGTTAAACCGCGGC 
 
   1901 TCTGTGGGGACGATATTTTCAGATTCATATCTGAGAACGTAGCTCCCATC 
        AGACACCCCTGCTATAAAAGTCTAAGTATAGACTCTTGCATCGAGGGTAG 
 
     ←⎯⎯⎯⎯ F1V1 ⎯⎯⎯⏐ 
   1951 AACCCTCTACAATCAGATGGAATCCAACCAGACTCAGCAGCCTTGCCAGC 
        TTGGGAGATGTTAGTCTACCTTAGGTTGGTCTGAGTCGTCGGAACGGTCG 
    HaeIII 
   2001 AGTCAGGCCCTTGCAGCACCATTGAGAACTCACTAAACAGAACCAGGAAA 
        TCAGTCCGGGAACGTCGTGGTAACTCTTGAGTGATTTGTCTTGGTCCTTT 
 
       ←⎯⎯SeqPri17mer ⎯⎯⏐   HaeIII 
   2051 TGAAGCTGCGGCTCCAGCAGGTTAACAAGCTCAACAGGAAGAGAACCGGT 
        ACTTCGACGCCGAGGTCGTCCAATTGTTCGAGTTGTCCTTCTCTTGGCCA 
 
   2101 CCAAAGATACTTGGAGGAAGAAGGGATAGTCAACGAAGAGGAACCCCCGA 
        GGTTTCTATGAACCTCCTTCTTCCCTATCAGTTGCTTCTCCTTGGGGGCT 
 
   2151 AGACCAGCTACTCCGGAACGAACAGAACTCAGTACTTCTTCGAGAAATGA 
        TCTGGTCGATGAGGCCTTGCTTGTCTTGAGTCATGAAGAAGCTCTTTACT 
 
   2201 GGAAAAGAGATGGACGAACTAAGGAGCGCTATCAAAGAGAAGACGGACCG 
        CCTTTTCTCTACCTGCTTGATTCCTCGCGATAGTTTCTCTTCTGCCTGGC 
 
            ← 
   2251 AACGTAGATAAAATGATAAGGGCTACGGATTCGACATTCACTGTTGCGGT 
        TTGCATCTATTTTACTATTCCCGATGCCTAAGCTGTAAGTGACAACGCCA 
 
    ⎯⎯⎯⎯⎯ Scar2⎯⎯⏐ 
   2301 ACTTGAATGCCCCGTGCAAAAGCCTGAATTC 
        TGAACTTACGGGGCACGTTTTCGGACTTAAG 
    OpD7  EcoR1 
 
BLAST result for the 2.3kb fragment: 
Total number of bases is: 2331. 
DNA sequence composition:    747 A;   495 C;   440 G;   649 T;  
Sequence name: B001  
 




> ref|XM_002283496.1|  PREDICTED: Vitis vinifera similar to ATP binding, 




 GENE ID: 100254725 GSVIVT00018481001 | similar to HSC70-1 (heat shock cognate 
70 kDa protein 1); ATP binding [Vitis vinifera] (10 or fewer PubMed links) 
 
 Score =  361 bits (400),  Expect = 7e-96 
 Identities = 471/634 (74%), Gaps = 22/634 (3%) 
 Strand=Plus/Minus 
 
Query  131  AGAATCCTCTTTGCT-TCTCACAAGCAGTTCTTAACCTCCTAAGAGCT-TGGAATTCCCA  188 
            ||| | ||||||||  ||||||| |  || || || || ||||||| | |||  || ||| 
Sbjct  957  AGAGTTCTCTTTGCCCTCTCACACGATGTCCTCAATCTTCTAAGAGATCTGGCGTTTCCA  898 
 
Query  189  CTAATGTCCACCTTGTATTGCCTCTTAAATATTTCAACAAAGTGATTCACTATTCGGTTA  248 
             ||||||||  ||||| || |||||||||    | ||||||||| || || ||||  ||| 
Sbjct  897  GTAATGTCCTTCTTGTGTTTCCTCTTAAACTCCTGAACAAAGTGGTTGACCATTCTATTA  838 
 
Query  249  TCAAAGTCCTCACCTCCAAGGTAAGTGTCTCCAAC---AGCCTTCACTTCAAAGATACCC  305 
            ||||||||||| |||||||| |  || |||||| |    ||||||||||||||||||||| 
Sbjct  837  TCAAAGTCCTCTCCTCCAAGATGGGTATCTCCAGCTGTTGCCTTCACTTCAAAGATACCC  778 
 
Query  306  TTGTCAATAGTAAGTAGTGAGACAT-GTAGTTGCCACCACTCAAATCAAAAGTCAACACA  364 
            |  |||||||| || || || ||||   |  |||| |||| || ||| ||| ||| |||  
Sbjct  777  TCTTCAATAGTGAGAAGAGACACATCAAAAGTGCCGCCACCCAGATCGAAAATCAGCACG  718 
 
Query  365  TTCTCATTGCCAATGCTATT--GTAACTTGTCTAGACCGTAAGCAAGGGCTGAAGCAGT-  421 
            ||||  |  ||||  ||  |      |||||| ||||| |||||||  || | ||| ||  
Sbjct  717  TTCTTCTCACCAACACTGGTCGCCTTCTTGTCAAGACCATAAGCAATAGCGGCAGCTGTT  658 
 
Query  422  ---TCATTAATTATACGTAGGACATTTAGACCTGCAAT-GCTTTTGCATCCTTTATAGCC  477 
               ||||| || ||||| |  ||||| || ||||||||  ||   ||||||||  | ||  
Sbjct  657  GGCTCATTGATGATACGCATCACATTGAGGCCTGCAATAACTCCCGCATCCTTGGTGGCT  598 
 
Query  478  CTACGCTGGGAGTCATTGGAGTAGCGAGG-ACAGTAACAACCGGTTTCTTCGACAGTTTT  536 
              |||||| ||||||||| |||||  ||| || |||||||| |  |||||| ||||||   
Sbjct  597  TGACGCTGAGAGTCATTGAAGTAGGCAGGCACTGTAACAACAGCGTTCTTC-ACAGTTGA  539 
 
Query  537  GCCTAGGTATGCCTCAGCTATTTCACGCATCTTTATTAG-ACCATATATGAGATTTCCTC  595 
             || ||||||||||| || || ||||||||||| || || |||||  | ||||||||||| 
Sbjct  538  ACCGAGGTATGCCTCGGCAATCTCACGCATCTTAATCAGAACCATGGACGAGATTTCCTC  479 
 
Query  596  AGCAGC-AAGTGCTTCTCTTCGCCTTTATAGTTGACCACAATCATAAGCTTATCACCA-G  653 
             || || || ||||| ||||| || |||||| ||||    |||||  |||| |||||| | 
Sbjct  478  GGCGGCAAACTGCTTATCTTCACCCTTATAGGTGACTGTGATCATGGGCTTGTCACCAGG  419 
 
Query  654  ACCTTCAA-TACCTTAAATG-CCAAAGGTTGAAATCACTCTGAACCAAAGGATCACTGAA  711 
            |||   ||  ||||| |||| |||  | |||| ||||||||||||| | | ||||  ||| 
Sbjct  418  ACCAGGAACGACCTTGAATGACCAGTGCTTGATATCACTCTGAACCGAGGCATCAGAGAA  359 
 
Query  712  TCTCCTACCGATCAACCGCTTTGCATCTAGAAAA  745 
            ||| ||||| ||||| ||||| |||||  ||||| 
Sbjct  358  TCTTCTACCAATCAAACGCTTGGCATC--GAAAA  327 
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5 Appendix II 
 
A genetic linkage map of Quercus robur L (pedunculate oak) based on 
RAPD, SCAR, microsatellite, minisatellite, isozyme and 5S rDNA 
markers. 
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Abstract  
A genetic map of Pedunculate oak (Quercus robur L.) was constructed based on 
one 5S rDNA, 271 RAPD, ten SCAR, 18 microsatellite, one minisatellite, and six 
isozyme markers. A total of 94 individuals from a full-sib family was genotyped. Two 
maps, including 307 markers, were constructed according to the ‘twoway pseudo-
testcross’ mapping strategy. Testcross markers segregating in the 1 : 1 ratio were 
Þrst used to establish separate maternal (893.2 cM, 12 linkage groups) and paternal 
(921.7 cM, 12 linkage groups) maps. Both maps provided 85Ð90% genome 
coverage. Homologies between the male and female linkage groups were then 
identiÞed based on 74 intercross markers segregating in the 3 : 1, 1 : 2 : 1 and 1 : 1 : 
1 : 1 ratios (RAPDs, SCARs, SSRs, 5S rDNA and isozymes) in the hybrid progeny. In 
each map, approximately 18% of the studied markers showed segregation distortion. 
More than 60% of the skewed markers were due to an excess of heterozygote 
genotypes. This map will be used for: (1) studying the molecular organisation of 
genomic regions involved in inter- and intraspeciÞc di¤erentiation in oaks and (2) 




Depending on the authors the number of existing oak species varies between 300 
and 600. They are spread over the northern hemisphere (Europe, Africa, North 
America and Asia) from boreal zones to semi-arid areas. Pedunculate oak (Quercus 
robur L.) is one of the most important and widespread oak species in Europe. It 
belongs to the white oak section (¸epidobalanus) and is distributed throughout Europe 
from central Spain to the Urals. According to Camus (1954) the ¸epidobalanus 
section is the richest with respect to numbers and diversity and comprises more than 
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150 species spread over all four continents. Quercus robur L. has a broad ecological 
range, from very acid to chalky and from moist to mesophilic soils, but it prefers to 
grow on neutral and moist soils (Becker and Levy 1990). Genetic studies in 
pedunculate oak have mostly concentrated on population genetics, provenance 
research and the inheritance of economically important traits (Kremer et al., 1993, for 
a review). Cytogenetic investigations have been restricted to karyotypic analysis. 
Quercus robur L. is a diploid species (2n"2x"24), although in some cases 
supernumerary chromosomes (B type) have been reported (Ohri and Ahuja 1990; 
Besendorfer et al., 1996). Natural triploid individuals have been described (Johnsson 
1946; Butorina 1993) that usually are larger than diploid trees. Compared to data 
available on other woody angiosperms (e.g. Populus, Eucalyptus, Acacia, Pyrus, 
Fraxinus) the physical genome size of Q. robur is larger (1.88 pg/2C) (Zoldos\ et al., 
1998), although its size is among the lower values found in plants (Favre and Arnould 
1996; Favre and Brown 1996). Segregation studies with gene markers have been 
conducted in Quercus robur L. with isozymes (Zanetto et al., 1996), SCARs 
(sequence characterised amplified regions, Bode«ne`s et al., 1996) and 
microsatellites (Steinkellner et al., 1997a). However, due to the small number of loci 
analysed in each of these studies, no linkage groups could be constructed except 
with isozymes when two linkage groups were identified (Zanetto et al., 1996). Our 
objective was to construct a genetic map with all earlier developed markers 
(isozymes, SCARs, microsatellites, minisatellites, 5S rDNA). In order to locate these 
markers in the genome, we added randomly distributed markers using amplification 
with arbitrarily designed primers [random amplified polymorphic DNA (RAPD) 
Williams et al., 1990]. The pedigree used for the map construction is a full-sib F1 
progeny of Quercus robur L. Linkage groups were assembled according to the ‘two-
way pseudo-testcross‘ method described by Grattapaglia and Sederoff (1994). To our 
knowledge, this is the first reported linkage map in the genus Quercus, and in the 
Fagaceae family as well. Some of the markers used in the construction of the map 
have been reported to be applicable to other oak species: isozymes in Q. petraea 
and Q pubescens (Müller-Starck et al., 1996), microsatellites in other sections of the 
genus Quercus (Steinkellner et al., 1997b). Because oaks of a given botanical 
section usually exhibit high genetic similarities (Kremer and Petit 1993), we expect 
that the present map will provide a useful tool for various applications in population 
and quantitative genetics in different white oak species.  
 
2 Materials and methods 
 
Plant material 
Segregation data from a two-generation full-sib pedigree including 94 individuals 
were used to construct two genetic maps, one for each parental tree. The male 
parent originated from near Arcachon (southwest of France), and the female parent 
was located on the Forestry Research Station in Pierroton (southwest of France). The 
controlled cross was made in the spring of 1992 according to the techniques 
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described in Zanetto et al., (1996). About 400 acorns were collected in pollination 
bags, of which 94 were used for map construction. Preliminary segregation analysis 
of the 94 offspring with a few isozymic loci did not detect any acorn resulting from 
fertilisation with foreign pollen (Zanetto et al., 1996). Marker analysis Genomic DNA 
was extracted from leaves according to Saghai- Maroof et al., (1984) with some 
minor modifications described by Moreau et al., (1994). Procedures used to study 
different markers are summarized in Table 1. Specific primer sequences and 
annealing temperatures for the SCAR, microsatellite, minisatellite and 5S rDNA 




After segregation was scored for each marker, Mendelian segregation was tested 
in the offspring using Chi-square goodness-of-fit tests. Linkage analysis of the 
markers was performed using a combination of MAPMAKER (Lander et al., 1987) 
and JOINMAP (Stam 1993) software (see Results section). The Kosambi (Kosambi 
1944) mapping function was used to convert recombination frequencies to map 
distances in centiMorgans. Genome length, E(G), of both parental maps was 
estimated under the assumption of random marker distribution according to method 
of Chakravarti et al., (1991): G"2MX/K, whereM"n(n!1)/2 is the number of informative 
meioses (n is the number of loci analysed), X is the maximum observed map distance 
among the locus pairs above a threshold LOD, Z, and K is the number of locus pairs 
having LOD values at or above Z. The values tested for Z were 3, 4 and 5. The 
values of X and K were obtained using the function of MAPMAKER with the 
maximum recombination fraction set to 0.5 and minimum LOD threshold set to Z. 
Values for X were obtained using the Kosambi map function. These estimations were 
calculated by taking into consideration only pairwise comparisons between 




Markers were subdivided in four different groups on the basis of the segregation 
patterns in the progeny: A) Loci that were in the testcross configuration (Grattapaglia 
and Sederoff 1994) between the parents (heterozygous in one parent and 
homozygous null in the other, or vice-versa). A 1 : 1 segregation ratio was observed 
in the F1 family for most RAPDs, seven SCARs (six dominant and one codominant), 
two isozymes, 1 microsatellite (ssrQpZAG104) and one minisatellite (Omin3). B) Loci 
that were heterozygous in both parents and that segregated in a 3 : 1 ratio in the 
offsprings. Fifty RAPDs followed this pattern. C) Loci that were heterozygous in both 
parents and that segregated in a 1 : 2 : 1 ratio. This was the case for 2 microsatellites 
and three isozymes. D) Loci that were heterozygous in both parents and that 
segregated in a 1 : 1 : 1: 1 ratio. Three SCARs, 15 microsatellites, one isozyme and 
one 5S rDNA locus followed this pattern. Markers segregating in the 1 : 1 : 1 : 1 ratio 
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were partitioned according to the alleles contributed by the relevant parent (Jacobs et 
al., 1995), resulting in a marker segregating 1 : 1 in both the female and the male 
parent, as for category A markers.  
Approximately 80% of the markers analysed in the progeny fit the expected 
Mendelian segregation ratios (1 : 1, 3 : 1, 1 : 2 : 1 or 1 : 1 : 1 : 1). A total of 61 
markers showed segregation distortion at a"0.05. 
 
Map construction 
The map construction was done in two steps. First, two separate parental maps 
(paternal and maternal) were constructed using markers segregating in the 1 : 1 ratio 
(category A and D markers) with a confidence level of P40.01. These  ‘testcross ‘ 
markers were grouped with the help of MAPMAKER(Lander et al., 1987) using the 
following criteria:  
 
- a minimum LOD score of 3.0 for statistical acceptance of linkage.  
- a maximum recombination fraction h of 0.40.  
 
In the initial step of map construction, the order of non-distorted markers was 
approximated using the  ‘FIRST ORDER ‘ command. From this order, a subset of 
markers that could be locally ordered with a likelihood ratio greater than LOD"2 was 
used to establish a framework map using the  ‘RIPPLE ‘ command. Markers that 
could not meet this ordering criteria were dropped from the framework and placed as 
accessory markers. Accessory markers were then located beside their closest 
framework marker. Distorted markers that were excluded from the framework map 
were also placed in the established framework map as accessory markers using the  
‘NEAR ‘ command. These markers are indicated with a boldface asterisk in Fig. 1.  
In a second step, intercross markers segregating in both parents (category B, C) 
in addition to category D markers already mapped in the first step were used to 
identify homologous counterparts between parental maps. Markers of category D 
were mapped using MAPMAKER. However, because MAPMAKER does not accept 
mixed segregation data, intercross dominant and codominant markers of category B 
and C were placed to an approximate location on both maps with the JOINMAP 
programme (Stam 1993). Finally, a total of 307 Loci (271 RAPDs, ten SCARs, 18 
microsatellites, one minisatellite, six isozymes and one 5S rDNA marker) were 
located on both oak linkage maps (Fig. 1). Among the 50 intercross RAPD loci 
(category B) only the 24 markers showing strong linkage (LOD54.5) with framework 
markers in both maps were retained.  
 
Female map (Fig. 1)  
A total of 136 markers were used to establish the female map. Approximately 
58% of them (79 loci) were located on the framework map. Twelve linkage groups 
were set up for the female map covering 893.2 cM, with an average distance 
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between 2 framework loci of 11.30 cM. The size of the linkage groups ranged from 33 
cM to 124.8 cM, with an average of 74.40$ 16.90 cM.  
 
Male map (Fig. 1)  
The male map had 136 markers with 83 loci (60%) establishing the framework 
and covering 921.7 cM. The average distance between 2 framework loci was 11.10 
cM. The framework loci were mapped into 12 linkage groups. The length of the 
groups ranged between 9.1 cM and 191.8 cM, with an average of 70.90$27.80 cM. 
Fifty-two markers in the female map and 44 markers in the male map (testcross loci), 
including RAPDs, SSRs, isozymes and SCARs, were used as accessory markers. 
The number of linkage groups corresponded to the number of haploid chromosomes 
of Quercus: n"12, in both maps.  
 
Homology between parental maps 
Markers segregating in both parents including intercross markers (50 RAPDs, 
three isozymes and 2 microsatellites) and loci segregating 1 : 1 : 1 : 1 (three SCARs, 
15 microsatellites, one isozyme and one 5S rDNA marker) were used to identify 
homology between parental maps. These  ‘bridge ‘ markers are connected by bold 
lines in Fig. 1. Hence, ten homologous linkage groups were identified. Because of low 
information content between markerpairs corresponding to category A, B and A, C 
(Ritter et al., 1990), the use of codominant markers segregating 1 : 1 : 1 : 1 and 
therefore segregating 1 : 1 from both parents is a prerequisite for constructing an 
accurate combined map. Merging the male and female maps was not our primary 
goal but this would be possible if more microsatellites were available.  
 
Segregation distortion  
At a"0.05, segregation distortions from the Mendelian expectation of testcross 
markers (category A and D markers) were detected at 25 marker loci in the female 
map and 24 marker loci in the male map. The distortion level was quite similar in both 
parents (18%). At a"0.01, the number of distorted markers decreased to 13 in the 
female map and 11 in the male map. Sixty percent of category A-distorted RAPD 
markers in the male map (66% in the female) displayed an excess heterozygote 
genotypes. Fifteen intercross RAPD markers showed strong deviations from 
Mendelian expectations, but only 2 of these were associated with a LOD score 54.5 
to a framework marker in the map. Finally, a total of 61 markers (20%) showed 
segregation distortions at a"0.05. This distortion level is higher than expected by 
chance alone (15 distorted markers at a"0.05). Markers exhibiting segregation 
distortion were not randomly distributed in the genome. They tended to be 
preferentially grouped in a few clusters as shown on Fig. 1.  
 
Genome length and map coverage 
The estimated total map length (average of three values) for the female parent 
amounted to E(G)" 1192 cM and for the male parent to E(G)"1235 cM. These values 
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are the first to be reported for oak. The different estimates, obtained from a range of 
Z values, were very close (data not shown) and were higher than the observed 
genome length of 893.2 cM for the female and 921.7 cM for the male map. This 
indicated that the mapped loci did not provide full coverage of the oak genome. 
Although the number of linkage groups corresponded to the number of haploid 
chromosomes (n"12), 2 small linkage groups (LG12) were identified for both parental 
maps. In addition, linkage group 1 of the female map was homologous to 2 unlinked 
linkage groups (1a and 1b) of the male map. This gap could be filled in by additional 
markers. Following Lange and Boehnke (1982), the minimal number, N, of randomly 
distributed markers required to cover a proportion of P"95% of a genome of size of 
L"1200 cM at a maximum distance between markers of 2d"20 cM is: 
N"ln(1!p)/ln(1!2d/L)"178. This expectation was higher than the number of markers 
actually used in the initial step of map construction (136 markers for both the male 
and female map). According to this formula, 136 markers would provide 90% 
coverage for a 20-cM map, a percentage coverage that was very close to that 
obtained following Bishop et al., (1983) (85% for both maps). The assumption of a 
random distribution of markers in the genome seemed to fit our experimental data 
mainly based on RAPDs. The observed and expected distributions of markers were 
compared for 20-cM intervals. A chi-square test for departure from a Poisson 
distribution was computed for six classes or groups of classes containing at least five 
observations. The mean of the Poisson distribution was set to the mean number of 
markers per 20-cM interval length. No signi ficant departure (a"0.01) from the Poisson 
expectation was observed in this goodness-of-fit test. A random distribution of RAPD 




Pseudo-test-cross mapping in Q. robur 
The Q. robur maps presented here were constructed following the two-way 
pseudo-testcross ‘ strategy. Two maps of similar size (893 cM in the female parent, 
922 cM in the male parent) were obtained for each parent, each one represented by 
12 linkage groups corresponding to the 12 haploid chromosomes identified in oaks 
(Ohri and Ahuja 1990). The two maps are furthermore equally balanced in number of 
framework markers, mean size of linkage groups and mean distance between 
framework markers. As oaks exhibit high levels of heterozygozity in natural 
populations (Kremer and Petit 1993; Zanetto et al., 1994), 18% of the RAPD markers 
were found to be heterozygous in both parents (these are referred to as intercross 
loci segregating in the 3 : 1 ratio) compared to the 82% that segregated in a testcross 
configuration. Reported corresponding values in other species using the ‘two-way 
pseudo-testcross ‘ are quite different: the number of RAPDs segregating in 3 : 1 
proportions varied between 2% and 5% in Eucalyptus studies (Grattapaglia and 
Sederoff 1994; Verhaegen and Plomion 1996) and amounted to 5% in pines 
(Kubisiak et al., 1995). These differences can likely be imputed to the differences in 
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levels of heterozygozity between these species. The higher proportion of 
heterozygote RAPD loci in both parents also allowed the assignment of homologous 
linkage groups of the two parents as suggested by Hemmat et al., (1994). However, 
homologies between groups became more evident with codominant markers: 
microsatellites, minisatellite, SCARs, isozymes and the 5S rDNA marker. Among the 
12 linkage groups identified in the two parents, 10 pairs could clearly be associated 
because of the presence of several common markers. A complete merging of the two 
maps into one single consensus map could be accomplished only if the ordering of 
markers were more precisely depened and if cosegregation analysis were conducted 
in larger families. Within the intraspecfic F1 cross of Q. robur, a large number of 
markers (18% in both parental maps) exhibited segregation distortion regardless of 
the type of marker. In other examples of  ‘pseudo-testcross ‘ mapping, distorted 
markers are present in lower proportions (9% in Eucalyptus urophylla, 8% in 
Eucalyptus grandis Verhaegen and Plomion 1996, 15% in Pinus palustris and 14% in 
Pinus elliottii Kubisiak et al., 1995). As in pines, eucalypts and pedunculate oak, there 
is a general trend towards a clustering of distorted markers on the linkage groups 
(linkage groups 2 and 4 in the female map, and linkage groups 4 and 9 in the male 
map, Fig. 1).  
The large number of distorted markers in Q. robur may be related to the high 
genetic load observed in this species. Interestingly, the variation of diversity among 
eucalypts, pines and oaks as illustrated by the number of loci being heterozygous in 
the two parents follows the same pattern as the variation in the number of distorted 
loci. Although quantitative data on inbreeding depression are not available in oaks, 
observations of seedlings originating from control selfing crosses reveal that they 
experience several detrimental characters during their early development (poor 
germination, chlorophyll deficiency, reduced growth) (Kleinschmit and Kleinschmit 




Genetic map of Q. robur and other woody angiosperms and annual plants  
To our knowledge this is the first reported genetic map of an oak species and of 
any member of the Fagaceae family. Other linkage studies based on a reduced 
number of isozyme loci and on several full-sib families have indicated that 4 loci (Aap, 
¸ap, Idh, Acp) are located on the same linkage group in Q. robur (Zanetto et al., 1996) 
and Q. petraea (Müller-Starck et al., 1996). Interestingly these 4 loci are distributed 
within linkage group 2 of our genetic map (Fig. 1). Genetic maps in other genera of 
broadleaved forest trees are currently only available in Eucalyptus (Grattapaglia and 
Sederoff 1994; Verhaegen and Plomion 1996; Byrne et al., 1995) and in Populus 
(Bradshaw et al., 1994). The comparison with woody angiosperms is therefore 
extended to fruit trees having related species in natural forests and to a few annual 
plants for documentary purposes (Table 3). With a few exceptions (Eucalyptus and 
Quercus) most existing maps of woody angiosperms cover less than 80% of the 
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genome. Based on the data of Table 3, the physical genome size of woody 
angiosperms varies between 0.27 pg DNA/C (Prunus persica) and 0.9 pg DNA/C 
(Quercus robur L.  ), lying in the range of variation between Arabidopsis (0.15 pg 
DNA/C) and ¸ycopersicon esculentum (0.98 pg DNA/C) (Arumuganathan and Earle 
1991). Most woody angiosperms have lower physical and genetic genome sizes than 
annual plants. Quercus robur L.   has the largest physical genome among the 
angiosperm woody species so far investigated, but its size is not greater than the 
genome of tomato. Curiously, the number of chromosomes and the genetic length of 
the genome in tomato and oak are also of a similar magnitude. Given that 1 pg 
represents 0.915]109 bp (Bennet and Smith 1976), the physical distance per unit of 
genetic distance in Q. robur amounts to 0.77]106 bp/cM, which represents only 3.21 
times that of Arabidopsis thaliana (Table 3).  
 
Microsatellites and consensus maps in oaks and Fagaceae 
As illustrated in our example where two maps were constructed (Fig. 1), 
homologies between linkage groups became obvious as codominant markers 
segregating in 1 : 2 : 1 or 1 : 1 : 1 : 1 or dominant markers segregating in 3 : 1 could 
be mapped in both parents. Because the standard error of recombination fraction 
between markers segregating 1 : 1 : 1 : 1 (recoded 1 : 1) and markers segregating 1 : 
1 is lower than for the others (Ritter et al., 1990), their position on a linkage group is 
more precise. Hence, they are preferential candidates as anchor markers and for 
comparisons across maps.  
Microsatellite primers are transportable across oak species as shown by the 
experiment conducted by Steinkellner et al., (1997b). Among the 18 microsatellites 
mapped in Q. robur, which were originally developed from Q. petraea, polymerase 
chain reaction (PCR) ampli fication and polymorphism were tested for 14 loci in other 
oak species and other genera of the Fagaceae. All amplified products for the 14 loci 
were polymorphic in oak species belonging to the same botanical section 
(¸epidobalanus.) The number of successful loci was 1101 reduced to 64% in oak 
species of section Cerris and to 47% in oak species of section Erythrobalanus. These 
results are reinforced by our own experience with microsatellite loci developed from 
Quercus macrocarpa (Dow et al., 1995) and Quercus salicina (Kawahara T, 
unpublished data) and that were applied for mapping purposes in the present 
contribution. However, successful amplification of oak microsatellites in related 
genera of the family Fagaceae was reduced to 24% in Fagus and to 47% in 
Castanea. Even though the proportion of amplified fragments and the level of 
polymorphism decreased with increasing evolutionary distance, microsatellites can 
be regarded as preferential anchor and consensus markers across different oak 
species in the Quercus genus.  
In the future these maps will be saturated using additional markers like amplified 
fragment length polymorphism (AFLP, Vos et al., 1995) and further integrated into a 
single consensus map when more microsatellites can be localised. This consensus 
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map will be of great value in identifying quantitative trait loci of interest and 
particularly of those involved in adaptive traits of oaks.  
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Fig. 1 Framework linkage maps of Quercus robur L. Female map on the left and male map on the right. 
Markers were mapped with a minimal LOD score of 3.0. Accessory markers (testcross and intercross types) 
were located beside their closest framework marker. Intercross markers (category B and C, see Results 
section) and some recoded testcross markers (category D) were used to identify homologous linkage groups. 
These markers are interconnected with bold lines. Intercross RAPD markers are boxed, and microsatellite, 
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minisatellite, SCAR and 5S rDNA markers are circled. Markers displaying distorted segregation (a"0.05) are 
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